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Abstract 
Perchlorate and nitrate are oxyanion contaminants found in many drinking water sources, 
causing human health risks when consumed even at low concentrations. These oxyanions are not 
removed via conventional drinking water treatment processes, and require specialized treatment. 
One emerging technology for destroying oxyanion water contaminants is catalytic reduction 
using supported Pd-based catalysts and an electron donor. While the technology is promising, 
several challenges need to be addressed before it is adapted by water treatment utilities.  
 The overall goal of my thesis is to contribute to the development of catalytic treatment 
processes for removing oxyanion contaminants, specifically perchlorate and nitrate, from 
drinking water, either as a stand-alone system or in combination with ion exchange (IX), and to 
compare the overall costs and environmental sustainability of the technology with other available 
oxyanion treatment technologies. My thesis work specifically contributed to three areas of study: 
1) elucidation of perchlorate reduction mechanisms using X-ray spectroscopic characterization to 
identify the chemical states and coordination of Re species in carbon supported Re-Pd catalysts 
(Re-Pd/C), 2) comparative assessment of environmental sustainability of the catalytic treatment 
technology with alternative perchlorate treatment technologies such as IX and biological 
reduction, and 3) evaluation of the applicability and environmental benefits of recycling spent IX 
brines via catalytic reduction using pelletized carbon supported Pd-In catalysts for removal of 
nitrate in drinking water. Results from the 1st study showed that Re in Re-Pd/C catalyst exists as 
ReVII species under oxic conditions and transforms to a mixture of two Re species under reducing 
solution conditions induced by H2 sparging. These Re species support a revised mechanism for 
catalytic reduction of perchlorate involving a series of oxygen atom transfer reactions between 
rhenium species and perchlorate. Results from the 2nd study showed catalytic treatment using Re-
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Pd/C catalyst has a higher (ca. 4,600 times) environmental impact than other perchlorate 
treatment technologies, but is within 0.9-30 times the impact of IX with a newly developed 
ligand-complexed Re-Pd catalyst suggesting catalytic reduction can be competitive with 
increased activity. Results from the 3rd study indicated the hybrid IX/catalyst system is more 
environmentally sustainable than the conventional IX for nitrate removal in drinking water, but 
the environmental impacts of the system are sensitive to brine conditions (e.g., presence of 
sulfate and bicarbonate) that influence catalyst activity. Overall, catalytic treatment technology 
showed the promise as an environmentally sustainable oxyanion treatment technology option for 
drinking water.  
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Chapter 1 
Introduction 
 
1.1 General Overview 
 
 Safe drinking water is only available to a fraction of the world population1; the demand for 
this resource will only increase with population growth2. Drinking water is essential to survival. 
It is also a vital component for improving the quality of life. As living standards improve 
throughout the world, more and more people will demand access to water that is free of 
contamination. Unfortunately, with increasing population and standard of living, more and more 
water sources will be used that are contaminated by toxic pollutants, including man-made 
chemicals.3,4 Some of these chemical substances are toxic even at very low concentrations. When 
not properly treated in drinking water, many chemicals can cause detrimental and/or chronic 
damage to human and ecological health. Fetuses and infants are often most susceptible to toxic 
and harmful chemical substances. Therefore, chemical contaminants in drinking water are a 
concern for society as whole because they threaten the health of both current and future 
generations. 
 Among chemical contaminants, oxyanions such as perchlorate, nitrate and bromate 
(chemical structures are shown in Figure 1.1) are of special concern because they are harmful at 
low concentrations, and because they are widely detected in natural water sources throughout the 
United States and the world.5-7 These oxyanions are highly soluble in water, are relatively stable 
to transformation, and have a low affinity for most natural sorbent materials. Consequently, they 
are very mobile and persistent in the environment. Perchlorate, often released from improper 
disposal of solid rocket propellant,8 impairs functioning of the thyroid gland in the human body.9-
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10 Nitrate, released from fertilizer and feedlot runoff, can lead to methemoglobinemia, also 
known as “blue-baby syndrome”.11 Nitrate may also form nitrosamines in the human body, 
which are carcinogenic.12  Bromate, produced as a byproduct during ozone disinfection of 
drinking water, is a carcinogen.7,13 Nitrate and bromate levels in drinking water are regulated in 
the United States and a regulatory standard for perchlorate is currently being developed.14 
 Several biological and physicochemical treatment processes have been developed to 
remove oxyanions from drinking water.15-18 Biological treatment is relatively cost-effective, and 
utilizes microorganisms to reduce oxyanions to innocuous end products. However, biological 
processes are sensitive to changes in water quality, and residual carbon electron donor raises 
concerns for greater disinfection byproduct formation.18 Also, the use of biological processes to 
lower contaminant concentrations to strict regulatory standards (e.g., ppb level for perchlorate) in 
short reactor residence times is still a challenge. Physicochemical treatment processes include 
reverse osmosis and ion exchange (IX). The latter is considered the best available technology for 
treating oxyanions in drinking water. When oxyanions contact IX resins, they exchange with 
innocuous anions (e.g., chloride) attached to active resin sites. IX resins can achieve low 
concentration treatment goals with short reactor residence times.15,17 However, IX only separates 
oxyanions from the treatment stream; the spent resin has to be disposed or regenerated. Typically, 
the spent resin is regenerated by flushing with large volumes of brine, which subsequently 
produces waste brine with high concentrations of both salts and oxyanions that requires further 
treatment before disposal. 
 An alternative and emerging technology for destroying oxyanion water contaminants is 
catalytic reduction using supported Pd-based catalysts and an electron donor (Table 1.1). 
Previous studies demonstrated nitrate reduction using Pd-Cu, Pd-In, and Pd-Sn bimetallic 
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catalysts, perchlorate reduction using Pd-Re catalysts,19-21 and bromate reduction using a Pd-only 
catalyst.22 Perchlorate was reduced to an innocuous end product (i.e., chloride); nitrate was 
reduced to a mixture of innocuous dinitrogen and ammonia. The proportion of dinitrogen versus 
ammonia depends on a number of conditions including catalyst formulation, hydrogen levels, 
and pH.23 Further research is crucial at improving selectivity for dinitrogen. 
While catalytic reduction of oxyanions is promising, there are several challenges that need 
to be addressed before it is adapted by water treatment utilities. The first challenge is a deeper 
understanding of the basic science that controls catalytic reduction. While previous research has 
provided alternative reaction pathways for oxyanion reduction using catalyst systems,19-21 the 
molecular-scale interactions between catalysts and oxyanions remains unclear, as does the effects 
of these interactions on the activity and longevity of catalysts, especially for bimetal catalysts 
deposited on a support material.  
 A second challenge is economic viability. A recent study demonstrated that Pd-catalyzed 
treatment of trichloroethene in groundwater can be less expensive than activated carbon 
treatment, assuming a catalyst life of 5 years.24 Pd is an expensive precious metal (i.e. market 
price of $680 per troy oz in June 20, 2013) and the overall cost of catalytic treatment primarily 
depends on the total mass of Pd used, which is highly dependent on catalyst activity and life.  
The catalyst activity for oxyanion reduction is approximately 1 to 2 orders of magnitude less 
than that for halogenated ethenes like trichloroethene25; also the catalyst life for oxyanion 
treatment is not known. Hence, increasing catalyst activity and ensuring a long catalyst life are 
key goals for this technology to be economically viable.  
A third challenge that needs to be addressed for this technology to be viable is 
environmental sustainability. While a priority for development of a new treatment technology is 
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effective removal of the target contaminant(s), it is important to elucidate the trade-offs of using 
the technology. Implementation of the technology may produce other more toxic contaminants as 
by-products, or cause greater damage to human health, natural resources, or the environment 
when the overall life cycle of the technology is considered. For example, extracting and 
processing precious metals, and synthesizing chemicals like hydrogen and acids required for 
treatment, may significantly impact the environment or human health. Also, precious metals may 
leach during treatment and represent a human and ecological health concern. While these 
concerns are commonly voiced, there has not been a systematic study to quantify and compare 
environmental impacts of Pd-based catalytic treatment systems with existing technologies for 
oxyanion treatment.  
 
1.2 Background  
1.2.1 Palladium-Based Catalyst Interactions with Contaminants  
Pd-based catalysts effectively reduce a number of contaminants using hydrogen as the 
electron donor, including halogenated organic contaminants (e.g., trichloroethylene, 
chlorobenzene), oxyanions (e.g., bromate, nitrate, perchlorate), and nitroso compounds (e.g., N-
Nitrosodimethylamine, azo dyes).20-22,25-30 Table 1 summarizes several contaminants in drinking 
water that can be effectively reduced by Pd-based catalysts. Dissolved H2 molecules dissociate 
on Pd to form atomic hydrogen (Pd-H).  
Pd-Hads acts as a powerful reducing agent for hydrodehalogenation of halogenated organic 
contaminants, for hydrogenation of some oxyanions, and for N-N hydrogenolysis of nitroso 
compounds. Other oxyanions like nitrate and perchlorate require a second metal (e.g. Cu, In, Re) 
as a promoter to facilitate reduction.21 While a Pd catalyst can reduce N-Nitrosodimethylamine 
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(NDMA), studies have shown that the addition of promoter metal increases the reduction activity 
by 4 to 6 fold.30 The reduced compounds are typically less toxic compared to the parent 
compounds; therefore, chemical reduction is often an effective strategy to reduce the health risks 
of contaminants in drinking water. 
 
1.2.2 Reduction Mechanism for Bimetal Catalysts: Role of a Promoter Metal 
For the reduction of oxyanions such as nitrate and perchlorate, the promoter metal is 
thought to play a key role in the rate determining step, where the metal surfaces acts as an 
oxygen atom transfer site. One example is the role of Re during perchlorate reduction by Re-Pd 
catalysts. A proposed mechanism with a supported Re-Pd catalyst is shown in Figure 1.2.20 After 
atomic hydrogen is formed at the Pd surface, it “spills over” to ReVII species dispersed on the 
same support. These ReVII species react with atomic hydrogen to form ReV species, which act as 
active sites for perchlorate to interact with and be reduced via an oxygen atom transfer reaction. 
When oxygen is transferred from perchlorate to rhenium-oxo species, ReV species oxidize to 
ReVII species. The oxygen atom transfer reaction between perchlorate and rhenium has been 
studied in homogeneous solutions.31-33  
In an attempt to verify the proposed mechanism for the supported Pd-Re catalyst, the Re 
speciation under H2-reducing and oxic conditions was characterized using X-ray photoelectron 
spectroscopy (XPS) in my MS work.34 The results showed that Re under oxic conditions had a 
binding energy corresponding to the ReVII state, while Re under H2-reducing conditions existed 
in two different states, the ReIV or ReV state and a lower oxidation state, ReI. The relative amount 
of different oxidation states depended on the supported Re content, and the affinity of Re to the 
support depended on the presence of H2- or oxygen. While my XPS results showed at least two 
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different Re oxidation states are present under H2-reducing condition, further studies are needed 
to elucidate the relationship between Re speciation and the corresponding Re structure and/or 
interaction with surrounding atoms, as well as the activity for perchlorate reduction.  
 
1.2.3 Environmental Sustainability and Life Cycle Assessment 
While technical performance and economic costs of technologies are important factors 
for the application of drinking water treatment technologies, it is also important to identify the 
environmental sustainability of the technologies and elucidate environmental trade-offs among 
these technologies. Only a few studies to date have objectively compared the relative 
environmental sustainability of oxyanion treatment technologies, and this was mostly for nitrate 
removal in drinking water (not for perchlorate removal).35,36 Life cycle assessment (LCA) is the 
analysis of a given product or system under a set of standards37,38 to evaluate its overall 
environmental impacts and to compare with alternative products or systems. LCA has been used 
for a wide range of applications in environmental studies, from personal computers to 
wastewater treatment plants.39,40 LCA traces and creates the inventory of all the resources (inputs) 
used in the system and the emissions released during its life cycle of material extraction, 
manufacture, use and disposal as shown in Figure 1.3. This inventory is used to calculate and 
assess the impact of each item, which results in impacts to multiple environmental indicators 
such as human health, ecosystem quality, and resource depletion. The key advantage of LCA is 
its ability to consider all of the environmental impacts for a system, so the comparison of 
different systems can be done without missing possible environmental damage. Therefore, the 
LCA of different perchlorate treatment technologies will identify key problems for both currently 
used treatment technologies and newly developed technologies, and indicate necessary 
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components that need to be improved and minimize the chance of encountering environmental 
problems by assessing their potential occurrence beforehand.  
 
1.2.4 Technology Application as a Hybrid System with Ion Exchange 
 The major advantage of catalytic reduction is that it chemically transforms toxic 
oxyanions into innocuous products or products that can be readily separated and recovered from 
water. Catalytic reduction also does not suffer from long startup times and instability. These 
benefits make it a promising strategy to apply catalytic reduction processes to reduce 
accumulated oxyanions in IX regenerant brines. Such a treatment system would be especially 
ideal for many inland water systems where brine disposal options are expensive or not 
available.41 The hybrid system has the potential to significantly lower costs and reduce 
environmental impacts associated with brine production and waste brine disposal. In a previous 
study, an integrated IX/biological process was evaluated and nitrate treated brines were reused 
multiple times for resin regeneration; bicarbonate and sulfate accumulation in brine did not affect 
resin regeneration efficiency.42 While the concept of an integrated IX/catalytic process had been 
proposed for a decade,43 no study to date has evaluated the catalytic performance of nitrate 
reduction in IX waste brines (i.e., nitrate, sulfate, and carbonate ions present in g/L 
concentrations and sodium chloride in 3–10 wt% concentrations) and how much environmental 
benefits the hybrid system will have over the conventional IX system.  
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1.3 Research Objectives 
The overall goals of this thesis are to contribute to the development of novel catalytic treatment 
processes for removing oxyanion contaminants from drinking water, either as a stand-alone 
system or in combination with ion exchange, and to compare the overall costs and environmental 
impacts of catalytic treatment systems with a conventional ion exchange process and other 
treatment processes. While much of my work is generally applicable to all oxyanions, my efforts 
focus on the catalytic reduction of perchlorate and nitrate, and are part of three specific 
objectives.  My first objective is to explore reduction mechanism for perchlorate using Pd-Re 
catalysts, with a focus on the role of Re coordination and oxidation state. My second objective 
focuses on comparing the environmental sustainability of catalytic treatment processes with that 
of other existing and emerging treatment technologies for perchlorate in drinking water using life 
cycle assessment (LCA). My last objective evaluates the applicability of catalytic treatment to 
regenerate waste brines produced in IX to treat nitrate in drinking water and assess the 
environmental benefit of the overall system. The specific objectives of this study are as follows: 
1. Improve understanding of perchlorate reduction mechanisms by spectroscopic 
characterization of the chemical states and coordination of Re species in Re-Pd bimetal 
catalysts on a carbon support.  
The currently proposed mechanism for perchlorate reduction by Re-Pd bimetal catalysts is an 
oxygen atom transfer reaction between the perchlorate ion and a reduced rhenium species. In this 
work, spectroscopic characterization was used to identify multiple reduced rhenium species that 
are present in a Re-Pd catalyst under H2-reducing conditions. The Re chemical states and 
coordination were also characterized and hypothesized to be dependent on the local environment 
(e.g., near or distant from Pd nanoclusters). This part of my thesis extends the work of my MS 
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thesis to evaluate influence of Re species on the stability/leaching of Re from Re-Pd catalysts on 
a porous carbon support.    
2. Assess the environmental costs of existing and emerging perchlorate treatment 
technologies for drinking water and identify key areas of future research to improve the 
overall sustainability of each technology  
For any novel technology to be a viable option for practical choice, its economic and 
environmental costs have to be lower than those of conventional technologies. The economic and 
environmental costs of two IX technologies (i.e., nonselective IX with periodic regeneration 
using brines and perchlorate-selective IX without regeneration) for perchlorate treatment at an 
existing water treatment plant were compared using life cycle assessment. The relative 
environmental sustainability of IX, biological treatment, and catalytic reduction technologies 
were also compared more generally using consumable inputs.  
3. Evaluate the applicability of catalytic treatment for removing nitrate from waste IX 
brines 
Nitrate treatment in concentrated brines via catalytic reduction is studied in batch systems and a 
bench-scale flow through column reactor. The activity of Pd-In/C catalysts and its dependence 
on various constituents in brines (e.g., NaCl, sulfate, bicarbonate) were characterized and its 
performance over extended periods of operation (ca. 2 month) was tested. Based on these 
experimental results, economic and environmental life cycle costs of the hybrid systems were 
assessed and compared to those of conventional IX system.  
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1.4 Outline of Thesis 
 Chapter 2 contains a manuscript in preparation for J. Phys. Chem. C. entitled “X-ray 
Spectroscopic Characterization of Immobilized Rhenium Species in Rhenium-Palladium 
Bimetallic Catalysts Used for Perchlorate Treatment in Drinking Water” with co-authors Maxim 
I. Boyanov, Jinyong Liu, Kenneth M. Kemner, Charles J. Werth, and Timothy J. Strathmann. 
This work addresses research objective 1, elucidated the perchlorate reduction mechanism based 
on X-ray spectroscopic characterization of Re species in carbon supported Re-Pd bimetallic 
catalyst. Chapter 3 contains the work published in Environ. Sci. Technol. entitled “Comparative 
Assessment of the Environmental Sustainability of Existing and Emerging Perchlorate Treatment 
Technologies for Drinking Water” with co-authors Michelle H. Mehnert, Jeremy S. Guest, 
Timothy J. Strathmann, and Charles J. Werth. This work addresses research objective 2, 
comparing environmental impacts of existing and emerging perchlorate treatment technologies 
(i.e., IX, biological reduction, and catalytic reduction) for drinking water. Chapter 4 contains a 
manuscript in preparation for J. Am. Water Works Ass. entitled “Performance and Environmental 
Benefits of Recycling of Spent Ion Exchange Brines via Catalytic Reduction” with co-authors 
Allison M. Bergquist, Sangjo Jeong, Jeremy S. Guest, Charles J. Werth, and Timothy J. 
Strathmann. This work addresses research objective 3, exploring catalytic nitrate reduction in 
brine conditions and assessing the environmental benefits of recycling spent brines via catalyst 
system in comparison to conventional IX system, in which spent brines are disposed instead of 
treated and reused. Chapter 5 contains major conclusions, engineering significance, and future 
research directions.     
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1.6 Figures and Tables  
 
Figure 1.1. Chemical structures of oxyanion contaminants. 
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Table 1.1. Contaminants reduction using Pd-based catalyst.25
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Figure 1.2. Proposed catalytic mechanism for ClO4- reduction.20 
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Figure 1.3. Life cycle assessment: input resources and emissions 
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Chapter 2 
 
X-ray Spectroscopic Characterization of Immobilized Rhenium Species in 
Hydrated Rhenium-Palladium Bimetallic Catalysts used for Perchlorate 
Water Treatment 
2.1 Abstract  
Carbon-supported rhenium-palladium bimetallic catalysts (Re-Pd/C) effectively remove 
aqueous perchlorate, a widespread drinking water pollutant, via chemical reduction using 
hydrogen as electron donor. Previous work demonstrated that catalyst activity and stability are 
heavily dependent on solution composition and Re content in the catalyst. This study examines 
the influence of these parameters on the speciation and molecular structure of Re immobilized on 
catalyst surfaces using X-ray absorption spectroscopy (XAS) and X-ray photoelectron 
spectroscopy (XPS). Results show that Re is immobilized as ReVII under oxic solution conditions, 
but transforms to a mixture of reduced, O-coordinated Re species under reducing solution 
conditions induced by H2 sparging. Two reduced Re species, ReI and ReV, were identified and 
their distribution varies depending on the Re content of the catalyst. Extended x-ray absorption 
fine structure (EXAFS) analysis showed that the catalyst-associated ReVII species is 
indistinguishable from the dissolved tetrahedral perrhenate (ReO4-) anion, suggesting outer-
sphere adsorption to the catalyst surface. Under reducing conditions, monomeric ReI initially 
form in direct contact with Pd nanoclusters at low Re loading (e.g., ≤ 1 wt%). With increased Re 
loading (e.g., 5-12 wt%), speciation shifts predominantly to oxidic ReV clusters (e.g., Re4O10). 
The identified Re structures support a revised mechanism for catalytic reduction of ClO4- (and 
other oxyanion pollutants) involving a series of oxygen atom transfer reactions between odd-
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valence oxorhenium species and the oxyanions (Re oxidation steps) and atomic hydrogen species 
(Re reduction steps) formed by Pd-catalyzed dissociation of H2.  
 
2.2 Introduction 
 
Rhenium (Re) shows great promise in a wide range of catalytic applications due to its 
strong oxophilic and electrophilic characteristics compared to other transition metals,1 and 
supported Re catalysts are widely used in industry for a variety of purposes. Oxides of Re (e.g., 
Re2O7) immobilized on alumina supports are used as catalysts for olefin metathesis in the 
specialty chemicals and polymer industry.2 Carbon-supported Re catalysts can also be used for 
hydrodesulfurization processes in the refining of diesel fuels.3,4 In addition, bimetallic catalysts 
incorporating Re (e.g., together with Pt) are applied in the petrochemical industry for naptha 
reforming and show great promise for aqueous phase reforming of biomass-derived oxygenates 
such as glycerol.5–7  
 Recent work has shown that adding Re to carbon-supported palladium (Pd) 
hydrogenation catalysts enables reduction of perchlorate (ClO4-) and related aqueous oxyanion 
contaminants that are harmful to human health in drinking water.8–11 Chemical reduction of 
ClO4- is especially challenging due to a high activation barrier for electron transfer,12 and 
reaction with most water treatment reductant materials is slow or undetectable at ambient 
temperatures and pressures.13 Re-Pd/C reduces aqueous ClO4- to innocuous Cl- using H2 as an 
electron donor at rates much higher than those reported for other reactive materials.8–10 The 
currently proposed catalytic mechanism (Scheme 2.1) involves initial oxygen atom transfer 
(OAT) from ClO4- to immobilized ReV, yielding ClO3- (chlorate) and ReVII. ReVII is then re-
reduced to ReV by Pd-adsorbed atomic hydrogen (Pd-Hads) formed via dissociation of exogenous 
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H2.8,11 Sequential OAT reaction cycles and direct reaction with Pd-Hads then rapidly reduce ClO3- 
to Cl-.  
Previous work in our group demonstrated that Re-Pd/C catalyst activity and stability are 
heavily dependent upon Re content (wt%) and redox chemistry of the overlying aqueous solution 
(i.e., air-sparged oxic solution conditions versus H2-sparged reducing conditions).10 X-ray 
photoelectron spectroscopy (XPS) analysis showed that these variables affect the prevailing 
oxidation state of the immobilized Re, shifting between species ranging from +7 to +1 oxidation 
state.10 Under reducing conditions, two Re species were identified, one tentatively assigned to 
ReV or ReIV and one assigned to ReI,10 suggesting the need for modification of the previously 
proposed mechanism for catalytic reduction of ClO4-. It follows that further elucidation of the 
reaction mechanism and improvements in catalyst performance will benefit from more detailed 
characterization of Re speciation and its influence on catalyst performance.  
 Synchrotron X-ray adsorption spectroscopy (XAS) is ideally suited to characterize metal 
catalysts used for water treatment applications. X-ray absorption near edge structure (XANES) 
and extended X-ray adsorption fine structure (EXAFS) spectra can provide bulk information on 
the valence state and local coordination environment of Re in wet catalyst samples, without the 
need for long range structural order or extensive sample preparation protocols (e.g., vacuum 
drying) that may lead to artifacts.14 Previous studies have used XAS to characterize supported Re 
catalysts under various conditions. Hardcastle et al.15 used XANES to identify a Re oxide 
structure resembling tetrahedral perrhenate (ReO4-) when the metal (0.1-12 wt%) was 
immobilized on alumina (Al2O3) support and calcined at 500 °C. Bare et al.16 used EXAFS to 
characterize Re/Al2O3 (0.7 wt%) exposed to oxidizing (O2/He, 500°C) and reducing (H2, 500°C, 
700°C) gaseous environments. Under oxidizing conditions, analysis showed Re present as 
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trioxo(oxoaluminate) ReVII species bound to the alumina surface, whereas under reducing 
conditions the metal was shown to form a mixture of unreduced trioxoaluminate ReVII species, 
metallic Re nanoclusters, and isolated Re atoms strongly bound to the alumina surface. 
Supported bimetallic catalysts incorporating Re have also been studied by XAS. Fung et al.17 
investigated Re2Pt(CO)12 supported on alumina (0.32 wt% Pt and 0.59 wt% Re) after treatment 
with H2 at 400°C. Re LIII and Pt LIII edge EXAFS spectra showed oxygen-coordinated Re atoms 
on the alumina support and identified Re-Pt and Re-Re coordination. Daniel et al.18 investigated 
Pt-Re/Al2O3 catalysts with higher metal loading (5.7 wt% Pt and 4.6 wt% Re) and observed that 
Re was partially reduced by H2 at 200°C when Pt was present. The study concluded that Re 
existed as a mixture of atomically dispersed oxidized Re on the alumina surface and reduced Re 
associated with bimetallic nanoparticles with diameter ≤1 nm.  
Most prior studies on Re catalysts only provided spectroscopic information on the 
catalysts in “dried form” under various flowing gas conditions (e.g., H2, O2, air) and at elevated 
temperatures.6,18–20 A limited treatment of the effect of water vapor in the flowing gas mixture 
was presented in Bare et al.,16 showing significant changes in Re speciation relative to catalysts 
exposed to dry gases. Because Re-Pd/C catalysts used for ClO4- treatment are prepared and 
applied in aqueous solution at ambient temperatures, XAS analysis of wet catalyst samples 
prepared with minimal sample alteration is desirable to accurately identify the structures of Re 
species present in the active catalyst under in situ reaction conditions. 
This contribution describes Re LIII edge XAS analysis of the speciation of Re 
immobilized on carbon-supported Re-Pd bimetal catalysts following exposure to both oxic and 
reducing aqueous solution conditions. The influence of Re content (wt%) was also explored to 
provide insights into previously reported reactivity trends.9 Results obtained from bulk XAS 
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characterization of Re in wet catalyst samples were compared to those from surface-sensitive 
XPS characterization of dried samples. Structural information obtained from analysis with 
complementary X-ray spectroscopic techniques provides further mechanistic insights into the 
catalyst’s reactivity with oxyanion contaminants and stability during water treatment 
applications.    
2.3 Experimental  
2.3.1 Chemical Reagents and XAS standards  
Re metal, rhenium dioxide (ReO2), rhenium trioxide (ReO3), and ammonium perrhenate 
(NH4ReO4) were purchased from Sigma-Aldrich. A ReV reference standard, Re(O)(hoz)2Cl (hoz 
= 2-(2’-hydroxyphenyl)-2-oxazoline), was synthesized from potassium perrhenate (KReO4) 
following reported methods.21–23 A Pd catalyst (nominally 5 wt% Pd) on activated carbon 
powder support (Pd/C, wet Degussa type E101) was also purchased from Sigma-Aldrich. 
Previous analysis indicated a Pd content of 4.65 wt%, 28.2% Pd dispersion, and BET specific 
surface area of 892 m2 g-1.10,24 Reagent-grade HCl and NaOH were obtained from Fisher 
Scientific. H2 (99.999%) and air (99.9%) gases were obtained from Matheson Tri-Gas (Joliet, 
IL). Deionized water (electrical resistivity >17.8 MΩ cm; Barnstead Nanopure system) was used 
in all experiments.  
 
2.3.2 Sample Preparation  
Re-Pd/C catalysts with different Re loadings were prepared as described previously.10 
Pd/C particles <37 µm in diameter were collected by wet sieving. The powders were then dried 
in air for 1 h at 110 °C and heated to 250 °C for 1 h under flowing H2 before cooling to room 
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temperature. For Re immobilization, 0.5 g Pd/C was added to 250 mL water in a flask under 
continuous stirring at room temperature. For exposure to reducing solution conditions (i.e., 
representative of conditions used to catalyze ClO4- reduction), the catalyst suspension was 
continuously sparged with H2 gas at a rate of 200 mL/min, and HCl was added to adjust pH to 
2.7. After the desired quantity of NH4ReO4 was introduced to yield 0.5–12 wt% Re, the reactor 
was mixed for 5 h to immobilize the added Re. The resulting catalyst suspension was then 
transferred into an anaerobic glovebox chamber (97% N2, 3% H2) and a wet paste of catalyst 
particles (~53 wt% H2O) was collected by vacuum filtration. For exposure to oxic solution 
conditions, the aqueous catalyst suspension was pH adjusted and mixed under air atmosphere for 
5 h before collecting a wet paste of catalyst particles by vacuum filtration conducted outside the 
glovebox.  
For XAS analysis, the wet catalyst pastes were mounted in slotted Plexiglas sample 
holders (1” × 1/8” × 1/8” well size), covered with a thin plastic sheet, and sealed with Kapton 
film to avoid exposure to air during sample transport, manipulation and analysis. All sample and 
standard manipulations were carried out under anoxic conditions. Reference standards were 
mounted in powder form uniformly deposited on the adhesive side of Kapton tape, which was 
then folded and sealed. Special care was taken to prevent catalyst sample exposure to air. From 
inside the anaerobic glovebox chamber, sealed catalyst samples and reference standards were 
loaded into a glass flask also containing Pd catalyst pellets to scavenge any trace O2 entering the 
flask and a moist sponge was added to prevent evaporation of the wet paste samples. The flask 
was then sealed with a thick rubber stopper and Kapton tape and transported from UIUC 
(Urbana, IL) to Argonne National Lab (Argonne, IL), and then immediately transferred inside a 
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similar anaerobic glovebox chamber at Argonne until analyzed. XAS data collection occurred 
within 2 days of sample preparation.  
For XPS analysis of catalysts prepared under reducing solution conditions, the vacuum-
collected catalyst pastes were dried at 110°C in sand bath inside the glovebox and analyzed in 
dried powder form. While still inside the glovebox, the dried catalyst samples were loaded onto 
copper conductive tape placed on a steel sample holder. The sampler holder was then placed 
inside a special anoxic sample chamber designed for air-sensitive samples, sealed, and 
transported from the glovebox to the instrument. The sample holder was immediately loaded into 
the instrument and placed under high vacuum (<10-6 torr) to prevent air exposure. Previous work 
showed that special care was needed to eliminate artifacts from air exposure.10 For catalysts 
prepared under oxic solution conditions, catalyst pastes were dried in air at 110 °C in a 
laboratory oven prior to loading onto the copper tape on the sample holder and transporting to 
the instrument for analysis.  
 
2.3.3 X-ray Absorption Spectroscopy  
X-ray absorption spectra were collected at the MRCAT/EnviroCAT bending magnet 
beamline (Sector 10-BM) at the Advanced Photon Source (APS) at Argonne National 
Laboratory.25 The beamline utilizes a Si(111) double crystal, water-cooled monochromator; 
detuning of the second crystal to 50% of the maximum intensity was used for higher harmonics 
rejection. The beam size was set to approximately 3 mm wide and 0.5 mm high. Samples were 
loaded in a N2-flushed chamber with Kapton windows to prevent oxygen exposure during data 
acquisition. Re LIII edge spectra were measured in transmission mode over the range of 9,500 – 
11,500 eV. For catalyst samples and reference standards, 3-8 spectra were collected and 
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averaged. To minimize radiation exposure and to monitor for beam-induced changes in the 
samples, scans were collected at three different incident beam positions for each sample. Energy 
calibration was continuously monitored during data acquisition by simultaneous collection of 
spectra from a metallic Re foil placed behind the sample of interest.  
ATOMS,26 ARTEMIS,27 ATHENA,27 IFEFFIT,28 and FEFF829 programs were used for 
analysis of the XAS data. Raw spectra were processed using ATHENA for spectral averaging, 
edge-step normalization, and background removal. The edge positions of the Re reference 
standards and the catalyst samples were measured at the inflection points (maximum of the 
XANES 1st derivative). EXAFS spectral analysis and fitting were performed using ARTEMIS. 
The k3-weighed χ spectra were extracted from the raw data in the k-range of 3.0 to 13.0 Å-1. 
Fourier transforms (FT) of the k3-weighed χ spectra were then obtained for the same k range 
using a 1.0 Å-1 wide Hanning window sill.  
For EXAFS data fitting, the known crystallographic structure of ReO230 and NH4ReO431 
were used to generate FEFF input files from ATOMS. FEFF 8.0 was then used to calculate 
backscattering phase and amplitude functions of single-scattering Re-O and Re-Re paths. A Re-
Pd single-scattering path was generated by substituting backscattering Re with Pd in the FEFF 
input file created from the ReO2 crystal structure (No reported crystal structure containing both 
Re and Pd was identified by the authors). Measured data were fit by varying the coordination 
number (CN), interatomic distance (R), energy shift (∆E0), and Debye-Waller factor (σ2) for 
each scattering path, employing various constraints to reduce the number of variables. The 
passive electron amplitude reduction factor (S02) was determined from EXAFS analysis of two 
Re reference compounds, ReO2 and NH4ReO4, using the model fit generated from crystal 
structures of those compounds. The S02 values were 0.86 and 0.88 for ReO2 and NH4ReO4, 
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respectively, and the average value of 0.87 was used for model fits of the catalyst samples. The 
spectral data and the model fits of the two reference compounds are provided in Appendix A. 
The Fourier transform (FT) of the data were fit in the range R+∆ = 1.4 to 3.0 Å using a 
combination of Re-O, Re-Re, and Re-Pd scattering paths.   
Previous XPS analysis in our laboratory showed the presence of two Re species on the 
surfaces of catalysts obtained under reducing solution conditions. XANES and EXAFS analysis 
in the present study (discussed below) showed one Re species predominate in the 12 wt% Re 
catalyst (one of two compositional endmember samples), while both Re species are significant in 
the 0.5 wt% Re catalyst (the other endmember). For EXAFS analysis of the 12 wt% Re catalyst, 
FEFF fit was performed using a combination of Re-O and Re-Re scattering paths.  Fitting of the 
0.5 wt% Re catalyst data was accomplished by first fixing structural parameters for the species 
derived from fits of the 12 wt% Re catalyst with coordination numbers multiplied by a fractional 
fitting parameter x (0<x<1) to account for the contribution of this Re species. The other Re 
species contributing to the measured spectrum was then fit using combinations of unconstrained 
Re-O, Re-Re, and Re-Pd single scattering paths to identify structural features of the second 
immobilized Re species.  
To quantify the proportions of these two different Re species identified from FEFF fitting 
the compositional endmembers, the k3-weighted χ(k) data from catalysts with varying Re content 
were fit with linear combinations of spectra extracted for the two Re species using the following 
equation, 
χ(k)=y*χ1(k)+(1-y)∗χ2(k) for 0<y<1 
where χ1 = theoretical k3χ(k) of FEFF-derived Re species 1, and χ2 = theoretical k3χ(k) of FEFF 
derived Re species 2.  
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2.3.4 X-ray Photoelectron Spectroscopy  
To complement the XAS data, surface chemical compositions and oxidation states of Re 
were also analyzed by XPS using a Physical Electronics PHI 5400 X-ray photoelectron 
spectrometer. A monochromatized Mg Kα source was used. Re 4f spectra were collected and 
energy-normalized to the C 1s peak (binding energy of 284.5 eV). The source of the C peak was 
adventitious carbon for the Re reference compounds and the activated carbon support for catalyst 
samples. High resolution (i.e., 0.1 eV resolution with pass energy of 35.75 eV) Re spectra were 
obtained by collecting 100 scans per sample. Individual Re species exhibit Re 4f7/2 and Re 4f5/2 
doublet peaks that are separated by 2.43 eV and have relative peak areas with a fixed ratio of 4:3. 
The chemical state of Re species is typically characterized by the binding energy (BE) of the Re 
4f7/2 peak position. Spectra of the catalyst samples were normalized and fit with a convoluted 
Gaussian and Lorentzian function (using CasaXPS ver.2.3) after constraining the separation 
distance and peak area ratio of contributing doublet peaks. When spectra indicated the presence 
of two Re species, the relative proportions and characteristic binding energies of the contributing 
species were determined by linear combination fitting of two doublet peak sets (each doublet 
peaks corresponding to a characteristic Re species) using the same constraints as described above.  
 
2.4 Results 
2.4.1 XANES and XPS Analysis  
Rhenium LIII-edge XANES spectra of the catalyst samples and reference standards of 
varying oxidation state (metallic Re, ReIVO2, ReV(O)(hoz)2Cl, ReVIO3, and NH4ReVIIO4) are 
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shown in Figure 2.1A (overlays of the same spectra are provided in Figures A.1-A.3 in 
Appendix A). The absorption edge position and the whiteline (resonance) intensity is sensitive to 
the formal oxidation state and coordination geometry of Re.32 The reference spectra show that 
the edge position shifts to higher energies as the formal oxidation state increases from metallic to 
oxidized ionic states. Following previous studies,5,16 an empirical correlation between the edge 
position and Re oxidation state of reference standards was developed (Figure 2.1B, square 
symbols) that can be applied to estimate the metal’s average oxidation state in unknown catalyst 
samples.  
The XANES spectrum of a catalyst sample (5 wt% Re-5wt% Pd/C) obtained from 
oxidizing solution conditions (i.e., air-saturated water) shows an absorption edge position that is 
identical to that of the NH4ReO4 reference standard (Figure 2.1A and Figure A.2). This 
indicates that Re immobilized at the surface of the catalyst exposed to oxic solution conditions 
has an average oxidation state of +7, in agreement with prior XPS characterization of the same 
catalyst.10 The XANES whiteline intensity and the post edge features of the catalyst sample are 
more similar to those of the NH4ReO4 reference standard after dissolution in water than in the 
solid form (Figure A.2). This suggests that in oxic water, the prevailing Re species associated 
with the Pd/C catalyst surface are solvated ReO4- ions adsorbing via outer-sphere complexation 
mechanisms rather than NH4ReO4 surface precipitates. EXAFS analysis (next section) supports 
the same conclusion.  
In comparison to the XANES spectrum of the catalyst exposed to oxic solution 
conditions, the edge positions are shifted to lower energies for catalysts exposed to reducing 
solution conditions (i.e., continuous H2 sparging of overlying solution), and the edge positions 
vary with Re content (Figure 2.1A and Figure A.1). The edge position for the catalyst sample 
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with the highest Re content (12 wt%) falls between the position observed for ReO3 (+6 reference 
standard) and the positions observed for ReO2 (+4 reference standard) and Re(O)(hoz)2Cl (+5 
reference standard). Application of the empirical correlation in Figure 2.1B yields an average 
apparent oxidation state of +4.8 ± 1.4. With decreasing Re content, the edge position slowly 
shifts to lower energies. For the catalyst samples with lowest Re content (0.5 – 3 wt%), the edge 
positions fall between metallic Re (+0 reference standard) and the +4/+5 reference standards. 
The whiteline intensities for the catalyst samples are also significantly larger than that observed 
for the metallic Re reference standard (Figure A.1). The peak amplitude for the Re metal 
standard here (~2.1, Figure A.1) is similar to previous reports,16,18,19 demonstrating that the 
lower intensity is not an artifact resulting from sample thickness effects. Thus, the consistently 
larger whiteline amplitudes observed in the catalyst samples relative to the metallic Re indicate 
that the immobilized Re species have ionic character. This conclusion is further supported by the 
lack of post-edge resonance features of bulk metallic Re observed at ~10,554 eV (see arrow in 
Figure 2.1A) and EXAFS data (next section). Application of the empirical correlation in Figure 
2.1B yields an average apparent oxidation state of +1.7 ±1.7 for the catalyst with 0.5 wt% Re. 
For catalyst samples with 1 – 9 wt% Re, the average oxidation state falls between the values 
determined for the compositional endmembers. Since XAS is a bulk characterization tool, the 
shifting apparent oxidation state is presumed to result not from changes in a single Re species, 
but rather changes in the distribution of Re species in the samples (e.g., a mixture of ReV and ReI 
species).  
Surface-sensitive XPS data (Figure 2.2) for catalysts exposed to reducing solution 
conditions show similar patterns as the bulk XANES data. Individual Re 4f XPS spectra (Figure 
2.2A) show characteristic doublet peaks for each Re species, resulting from spin-orbit coupling 
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effects. For catalyst samples with low Re content (e.g., 0.5–1 wt%), spectra could be fit with a 
single constrained doublet (double peak separation and peak area ratio constrained as described 
in the Experimental Section) with Re 4f7/2 peak position at binding energy (BE) of 41.3 eV. At 
higher Re contents (e.g., 5 wt%), successful spectral fits require two contributing doublets 
(Figure 2.2B), with Re 4f7/2 BE = 41.3 eV and 43.4 eV. These Re 4f7/2 BE values correspond 
closest to those obtained for Re reference standards with +1 and +5 oxidation states, 
respectively. Figure 2.2C shows that the spectra of catalyst samples with 0.5–12 wt% Re can be 
fit by a combination of these two Re species in different proportions. The distribution of species 
shifts in favor of the less reduced species (BE = 43.4 eV) as Re content increases, reaching a 
maximum values of ~85% when Re content is increased to 12 wt%. This is the same general 
pattern observed with XANES.  
 
2.4.2 EXAFS Analysis of Oxidized Catalyst  
Figure 2.3 shows the Re LIII edge EXAFS data obtained for the 5 wt% Re catalyst 
exposed to oxic solution conditions. The k3χ(k) plot (Figure 2.3A) is similar to the solid and 
dissolved forms of the NH4ReO4 reference standard. However, the catalyst spectrum more 
closely matches that of dissolved NH4ReO4 and has slightly larger amplitude than solid 
NH4ReO4. It is unlikely that amplitude reduction occurred because of sample thickness effects, as 
the measured transmission edge step for all three samples was ∆µx = 0.9–1.2, and post-edge 
resonance features in the XANES spectra (arrow in Figure A.2) should be suppressed if 
thickness effects are significant. Instead, the reduction in amplitude in solid NH4ReO4 can be 
attributed to increased disorder in the ReO4 tetrahedron when it crystalizes. The magnitude of the 
Fourier Transform (FT; Figure 2.3B) consists of a single prominent backscatter peak centered at 
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R+∆ = 1.4 Å. The data were well fit using a single scattering Re-O path derived from the crystal 
structure of NH4ReO4, and the best-fit structural parameters are listed in Table 2.1. The 
coordination number of 4.2 ± 0.3 is consistent with the tetrahedral structure of ReO4-, and the 
Re-O interatomic distance of 1.74 ± 0.003 Å is identical to the distance previously reported value 
for ReO4- (i.e., 1.73 Å).31 No significant outer shell peaks are observed, and the data are identical 
to the aqueous NH4ReO4 standard. The similarity between EXAFS data for the catalyst sample 
and dissolved NH4ReO4 agrees with the XANES data discussed above, supporting the 
conclusion that under oxic conditions Re is present as solvated ReO4- ions that associate with the 
Pd/C catalyst surface via outer-sphere complexation mechanisms (e.g., electrostatic, H-bonding).   
2.4.3 EXAFS Analysis of Reduced Catalyst  
Figure 2.4 shows k3χ(k) plots obtained for Re-Pd/C samples exposed to reducing 
solution conditions with Re content ranging from 0.5 to 12 wt%. Consistent shifts in the spectra 
occur as Re content is increased, resulting in multiple isosbestic points in the spectral overlays 
(e.g., at 3.1, 4.2, 5.3, 7.3 Å-1). The trends suggest the presence of two major Re species on the 
catalyst surface, the proportions of which shift with varying Re content. The spectra obtained for 
catalysts with 9 and 12 wt% Re are nearly identical, indicating no further changes in the average 
coordination environment occurs beyond 9 wt% Re loading. This may be interpreted as 
domination of Re speciation by a single species at the upper end of the bimetallic compositional 
range examined. In contrast, spectra obtained for the two catalyst samples at the lower end of the 
compositional range (0.5 and 1 wt% Re) differ from one another, indicating that both of the 
major Re species contribute to measured spectra at these conditions. 
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EXAFS spectra of the two bimetallic compositional endmembers (i.e., 12 wt% and 0.5 
wt% Re) were quantitatively analyzed to identify the local atomic structure of the two major 
contributing Re species present on the surface of reduced Re-Pd/C catalysts.  First, for the 
catalyst with 12 wt% Re, the magnitude of the FT[k3χ(k)] (Figure 2.5A) shows two dominant 
backscatter peaks in the R+∆ region between 1 and 3Å. No significant peaks are present at R+∆ 
> 3 Å, indicating no long-range crystalline order in the immobilized Re species. FT data in the 
region R+∆ from 1.2–3.0 Å were fit best using single scattering Re-O and Re-Re paths. Attempts 
to fit the spectrum using a Re-Pd path in place of Re-Re (not shown) resulted in a significantly 
inferior fit of the measured second shell FT features. The best-fit structural parameters are shown 
in Table 2.1. The coordination number for the Re-O path is 6.3 ± 0.6 and the coordination 
number for the Re-Re path is 3.0 ± 0.6, with interatomic distances of 2.03 ± 0.01 Å and 2.57 ± 
0.01 Å, respectively. The measured spectrum is reproduced well by this model, as illustrated by 
the contributions of each path to the real part of FT[k3χ(k)]. The Re-O bond distance is in the 
range reported for ReIV and ReV standards (i.e., 1.87–2.29 Å)30 and longer than that seen in ReVII 
standards (i.e., 1.73 Å)31. The Re-Re interatomic distance is shorter than that in Re metal or 
ReO2 (i.e., 2.75 Å and 2.62 Å, respectively)30,33.  The presence of Re-O and Re-Re 
backscattering and the lack of longer range structure in the FT suggests that Re is present in the 
form of oxorhenium clusters on the surface of the carbon support material. The refined Re-O and 
Re-Re coordination numbers and distances suggest a cluster in which ReO6 octahedra are 
coordinated to each other in an edge sharing configuration, either planar or pyramidal (Figure 
2.6A). Similar “raft” and cluster structures for Re on the surface of γ-Al2O3 supports have been 
previously proposed based on EXAFS characterization.17,34 
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Figure 2.5B shows the measured FT[k3χ(k)] and FEFF fit for the other compositional 
endmember (0.5 wt% Re catalyst). As discussed above, these data are significantly different 
from the next member in the series (i.e., 1 wt% Re catalyst). Thus, unlike the 12 wt% Re 
endmember, it is assumed that both of the major reduced Re species contribute to the observed 
spectrum. To obtain structural parameters for the second reduced Re species (i.e., the one 
assumed to be negligible in the other compositional endmember), fitting of the spectrum 
included fixed structural parameters for the Re species that predominates in the 12 wt% Re 
catalyst. All parameters for these paths were fixed to the values refined in the fits of the 12 wt% 
Re endmember, but the coordination numbers were multiplied by a fractional fitting parameter x 
(0<x<1). This approach is conceptually equivalent to adding the 12 wt% Re catalyst data as a 
component in a linear combination fit. The other component contributing to the measured 
spectrum was then fit using combinations of unconstrained Re-O, Re-Re, and Re-Pd single 
scattering paths. The best fit of the 0.5 wt% Re sample (Figure 2.5B) was obtained by 
combining 28% of the Re species that predominates at 12 wt% Re with 72% of a second species 
described by Re-O and Re-Pd single-scattering paths (i.e., x = 0.28). The best-fit structural 
parameters for the second species (Table 2.1) have an average coordination of 1 O (or possibly 
C) atom at 2.45 ± 0.03 Å and 2.5 Pd atoms at 2.72 ± 0.03 Å. Attempts to fit the data with a Re 
coordination shell (instead of Pd) resulted in a lower quality fit, with the reduced χ2 goodness-of-
fit parameter being 2.4 times larger than that obtained using a Pd shell. The lack of Re-Re 
backscattering contributions in the second immobilized Re species suggests that the majority of 
the Re is present as monomeric species adsorbed to the Pd sites. The edge position and the large 
amplitude of the XANES white line for the sample suggests that Re is more oxidized than 
metallic Re. The fit-derived Re-Pd distance is similar to the 2.67 Å distance observed for 
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metallic Re-Pd clusters by Meitzner et al.19 The lack of appropriate Re standards (e.g., Re-Pd 
alloys or ionic Re of low valence) makes it difficult to propose a structural model, but the result 
shows that Re is coordinated to Pd sites as a low valence monomeric Re species (formal valence 
of 1 or 2). 
  
 
2.4.4 Distribution of Reduced Re Species in Catalysts with Varying Re Content 
To assess the relative contribution of the two FEFF-derived Re species in the catalyst 
samples with varying Re content, k3χ(k) plots were first fit using linear combinations of 
theoretical spectra generated from the structural parameters listed in Table 2.1. Calculated k3χ(k) 
plots of the two Re species (hereafter referred to as “Re monomeric” and “Re cluster” species) 
and an example fit of the measured spectra for catalyst samples with 5 wt% are shown in Figure 
2.7A. The fit of the spectrum measured for the catalyst with 5 wt% Re yielded 26.3% ± 16.5% of 
the Re monomeric species and 73.7% ± 16.5% of the Re cluster species. Figure 2.7B 
summarizes the results of the linear combination fits of all the catalyst samples, illustrating the 
dramatic shift in predominance from the Re monomeric species at lower Re wt% to the Re 
cluster species at higher Re wt%. The general trend is qualitatively similar to that observed with 
XPS results (Figure 2.2C). However, the distribution of species derived from XPS indicates 
somewhat greater contribution of the more reduced Re monomeric species at all catalyst 
compositions examined, suggesting that this species may be enriched at the outer surface of the 
micron-sized porous catalyst support particles relative to the bulk material probed by XAS. That 
said, the differences between XAS and XPS are small and may also be an artifact resulting from 
sample drying required for the latter technique.  
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2.5 Discussion 
2.5.1 Re-Pd/C Catalysts Exposed to Oxic Solution Conditions  
Characterization of Re speciation in oxidized Re-Pd/C catalysts is relevant to Re 
dynamics in the following cases: 1) when the catalyst is exposed to water containing sufficient 
concentration of dissolved oxygen for Re to be completely oxidized, and 2) when Re is oxidized 
in the oxygen-atom transfer (OAT) reaction with ClO4- ions faster than it is being re-reduced 
(e.g., when treating elevated concentrations of oxyanions). XAS and XPS analyses of catalyst 
samples indicates similarity to the NH4ReO4 reference standards, particularly the dissolved form, 
suggesting that immobilized Re is oxidized to the ReVII. The lack of EXAFS spectral 
contributions from a second coordination shell indicates that mononuclear ReO4- ions are 
adsorbed to the to the carbon support (or possibly Pd sites on the support) by outer-sphere long-
range electrostatic and/or hydrogen bonding mechanisms. This association of ReVII to the surface 
under aqueous conditions is different from that reported for dry alumina-supported Re catalysts 
prepared at high temperature (>500°C), where inner-sphere Re-O-Al linkages were observed.15,16 
The outer-sphere adsorption mechanism has implications for the in operando stability of Re 
catalysts used for water treatment since ReO4- ions adsorbed by outer-sphere interactions are 
likely to be more prone to leaching due to ion exchange with other anionic constituents present in 
the solutions being treated. Thus, close examination of Re leaching during catalytic treatment, 
especially in proposed treatment applications in high salinity environments like waste ion 
exchange brines9, is warranted. 
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2.5.2 Re-Pd/C Catalysts Exposed to Reducing Solution Conditions (Active State for ClO4- 
Reduction)  
XANES spectra of catalysts with Re loading >5 wt% that are exposed to reducing 
solution conditions are similar to those of the ReIV and ReV reference standards, and application 
of an empirical correlation (Figure 2.1C) yields an average Re valence throughout the catalyst 
material of +4.8 when the Re content reaches 12 wt%. Applying this same correlation shows that 
the average valence becomes more reduced with a lowering of the Re content, reaching a value 
of +1.6 for 0.5 wt% Re. A similar trend is observed using surface-sensitive XPS, with spectra of 
individual catalyst samples being fit by combinations of spectral features most consistent with 
ReI and ReV reference standards; the contribution to spectral fits shifts in favor of the former at 
lower Re content and the latter at higher Re content.  
Evidence for shifting Re speciation is also shown in the EXAFS data. FEFF fitting of the 
12 wt% Re catalyst suggests that Re is present predominantly in the form of oxorhenium clusters 
consisting of about 4-6 Re atoms each (Figure 2.6A). The first- and second-shell interatomic 
distances are consistent with the Re coordination in both ReO2 and Re2O5.35 However, the XPS 
spectrum of the 12 wt% Re catalyst shows a Re 4f7/2 peak with BE that is 1.0 eV higher than that 
of ReO2, suggesting a Re species that is more oxidized than ReIV. Furthermore, OAT reactions 
converting the metal between ReVII and ReV and between ReV and ReIII have been reported,36,37 
whereas, to the best of our knowledge, there are no reports of OAT reactions involving ReIV 
species like ReO2. Furthermore, tests showed no reaction between aqueous ClO4- and ReO2 
powder within 24 h (sufficient time for complete reduction of ClO4- with Re-Pd/C). Thus, we 
conclude that the predominant Re species present under reducing conditions in the high Re-
loading catalysts is an oxorhenium(V) cluster species. The Re-Re coordination number 
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determined from the EXAFS analysis suggests that these are clusters 5 to 12 Å in diameter.38 
The small size is consistent with STEM-EDS imaging of the 12 wt% Re-5 wt% Pd/C catalyst, 
which shows no obvious Re phases in association with or away from the observed metallic Pd 
nanoclusters (data not shown). Although the proposed structural model is well supported by the 
EXAFS data, future theoretical studies (e.g., density functional theory) may provide insight on 
its compatibility with observed stability or reactivity data. The agglomeration of several Re 
atoms effectively reduces exposed surface area and would likely result in decreased redox 
reactivity with oxidants relative to isolated, more reduced Re ions.  
The more reduced Re species that predominates at lower Re loadings exhibits 
characteristics of monomeric species. The binding energy measured by XPS for this species is 
1.2 eV higher than that of metallic Re (BE = 40.1 eV), and the k3χ(k) EXAFS spectra of the 0.5 
wt% Re catalyst does not match well with Re metal. Ducros et al.39 reported a BE of 41.2 eV for 
Re metal exposed to oxygen. They estimated that approximately 2 Å thickness of oxide layer 
was formed on top of Re and hypothesized that oxidized Re species are in the form of Re2O (+1 
oxidation sate) or ReO (+2 oxidation state). Tysoe et al.20 found that while the Re species in a Pt-
Re alloy was found to be Re metal (BE = 39.7 eV), thermal H2 treatment of a Re film deposited 
on Pt foil yielded a fraction of Re with BE = 40.8 eV. The latter is 1.1 eV higher than that of Re 
metal and was interpreted as an oxorhenium phase formed on the surface of Pt. Fits of the 
EXAFS data of Re-Pd/C catalyst with 0.5 wt% Re loading also show a first shell containing 1 
oxygen atom, supporting the conclusion of an oxorhenium species rather than metallic Re. The 
EXAFS data support direct coordination of this Re species with the Pd nanoclusters deposited on 
the activated carbon support material. It is possible that adsorption to specific Pd sites stabilizes a 
highly reduced monomeric oxorhenium Re species (Figure 2.6B). A tetrahydral structure of low-
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valent Re complex (i.e., +1 oxidation state) with one hydroxide ligand has been previously 
reported.40  
The fits of the XPS spectra and the linear combination analysis of the EXAFS data 
indicate that the monomeric Pd-coordinated ReI species predominate at low Re wt% and that the 
proportion of the oxidic ReV clusters increases with increased Re loading. Both EXAFS (Figure 
2.7B) and XPS (Figure 2.2C) data show this same general trend, but the exact distributions of 
Re species determined from the two methods quantitatively differ. The differences may be 
explained by the different nature of two spectroscopic characterization methods. XPS is a 
surface-sensitive vacuum technique that identifies chemical states of Re at surface (1-10 nm);41 
XAS, on the other hand, is a bulk analysis technique that characterizes the average Re speciation 
throughout the Re-Pd/C material. The activated carbon catalyst support is a porous material 
where exterior surfaces most likely have higher accessibility to both Re precursor (i.e., ReO4-) 
and hydrogen than interior pores. Therefore, the difference in Re species proportions between 
EXAFS and XPS results suggests that ReI species are more likely to be formed at exterior 
particle surface where interactions of Pd, Re precursor, and hydrogen are possibly enriched 
relative to the materials present deeper within the porous material structure. Drying samples for 
XPS may also produce enhanced Re interaction with the surface and lead to shifts in Re 
oxidation state. 
Based on spectroscopic results, a Re catalyst reduction process can be proposed wherein 
the ReO4- precursor is immobilized on the Pd/C catalyst suspended in H2-saturated aqueous 
solution ([H2]aq ≈ 0.8 mM when PH2 = 1 bar), and the initial fraction of Re is reductively 
immobilized preferentially near the surface of the Pd0 nanoclusters. Since H2 dissociates to 
atomic hydrogen at Pd, it is reasonable to assume that the ReO4- ions nearest to the Pd sites will 
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have greater opportunity for reaction with Pd-adsorbed atomic hydrogen (Pd-Hads) and be 
reduced to ReOH via the following reaction,  
ReVIIO4-(ads) + 6 Pd-Hads + H+ ! ReIOH(ads,Pd) + 6 Pd + 3 H2O (1) 
As Re loading increases, available Pd sites for direct Re-Pd binding become saturated. However, 
due to atomic hydrogen spillover,42 ReO4- associated with the carbon support surface can still be 
reduced to oxorhenium(V) clusters: 
2 ReO4-(ads) + 4 H(spillover) + 2 H+(aq) ! ReV2O5(ads,C) + 3 H2O  (2) 
Potential reasons for the lower extent of Re reduction may include that “spillover” atomic H is 
not as strong reductant as Pd-adsorbed atomic H or that Re bonded to Pd is more readily reduced. 
Theoretical studies may be able to provide more insight into these interactions.  
 
2.5.3 Influence of Re Speciation on Catalytic Activity  
Previous work demonstrated ClO4- reduction using Re-Pd/C formulations with Re 
loading ranging from 1 wt% to 12 wt%.9 This suggests that both the ReI monomeric and ReV 
cluster species can react with ClO4-. Therefore, the proposed catalytic OAT mechanism for ClO4- 
reduction (Scheme 2.1) is modified to include reactions for ReI in addition to ReV. In principle, 
redox cycling between odd valence oxorhenium species can be accomplished by OAT reactions: 
  Re#$$O&' ()*+, Re#O-' ()*+, Re$$$O.' ()*+, Re$O'     (3) 
OAT reactions from ReV to ReVII and ReIII to ReV have been reported previously.10,29,30 Thus, it 
may be hypothesized that ReI species can also participate in OAT reactions and abstract oxygen 
from kinetically inert ClO4- and other oxyanion daughter products (Scheme 2.2). Our previous 
study showed that mass-normalized reactivity of Re with respect to perchlorate reduction was 
higher at low Re content. This may indicate that ReI species are more reactive with ClO4- than 
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ReV species. A higher catalytic reactivity of ReI species would suggest that 1) the OAT reaction 
between ClO4- and ReIOH(ads,Pd) is faster than the reaction between ClO4- and ReV2O5(ads,C) and/or 
2) Re reduction from higher oxidation state to ReI species is faster than to ReV species during 
catalytic cycle due to the close proximity of ReI species to Pd surface where H2 dissociates. 
Alternatively, it is possible that the monomeric ReI species that predominate at low loading are 
more accessible (i.e., have a higher surface area per unit Re immobilized) than the ReV cluster 
species that predominate at higher Re loading.  
 
2.6. Conclusions 
In summary, XAS and XPS were used to characterize the speciation of Re immobilized 
on Re-Pd/C catalysts that have shown promise for treating water contaminated with perchlorate, 
a highly recalcitrant and toxic oxyanion that has been widely detected in drinking water 
resources. Under oxic solution conditions (i.e., water equilibrated with the atmosphere), Re 
associates with the Pd/C catalyst surface by attraction of mononuclear ReO4- ions via outer-
sphere electrostatic and/or hydrogen bonding interactions. When solutions are exposed to H2, 
atomic hydrogen formed by H2 dissociation on Pd/C reduces the ReO4- ions to two strongly 
adsorbed species. For catalysts with low Re content (e.g., ≤ 1 wt%), monomeric oxorhenium(I) 
species that are directly coordinated to Pd nanoclusters (e.g., ReOH) predominate, whereas 
oxorhenium(V) clusters (e.g., Re4O10) predominate at higher Re loading (e.g., 5-12 wt%). Based 
on the these findings, we propose that adsorbed ReO4- precursors closest to the Pd nanoclusters 
are first reduced to ReI species by Pd-Hads, and additional Re more distant from the Pd 
nanoclusters are reduced to ReV species by atomic hydrogen spillover onto the activated carbon 
support surface. A revised catalytic OAT reaction scheme is proposed invoking redox cycling 
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between odd-valence Re species (+1, +3, +5 +7) and reaction of ClO4- and daughter oxyanion 
species with ReI and ReV.  
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2.8 Figures and Tables  
 
 
 
 
 
Scheme 2.1. Previously proposed catalytic oxygen atom transfer (OAT) scheme for ClO4- 
reduction to Cl-.7 Each OAT cycle involves Re cycling between +5 and +7 oxidation states.   
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Figure 2.1. Re LIII edge XANES spectral analysis of Re-Pd/C samples. (A) Comparison 
of Re reference standards and 0.5–12 wt% Re–5 wt% Pd/C samples collected from 
solution under oxic versus reducing solution conditions, and (B) correlation of the 
oxidation states vs Re LIII edge positions of Re reference standards (squares) and 
application of the correlation to estimate the average oxidation state of Re present in 
catalyst samples (circles) with different Re content prepared under reducing solution 
conditions. E-Eo represents the difference between the edge position of target compound 
and the edge position of Re metal. Dashed lines show 95% confidence interval. 
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Figure 2.2. (A) Re 4f XPS spectra of 0.5–12 wt% Re-5 wt%Pd/C catalysts collected 
from water under reducing conditions (continuous H2(g) sparging), (B) measured 
spectrum of 5 wt%Re-5 wt% Pd/C catalyst with spectral fit, and (C) effect of Re content 
on the proportions of spectral fits contributed by doublet peaks with binding energies 
characteristic of different Re oxidation states. Data for 3 wt%-12 wt% were obtained 
from a previous study.8 Error bars indicate 95% confidence levels.  
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Figure 2.3. (A) Comparison of Re LIII edge EXAFS k3χ(k) spectrum of 5 wt% Re-5 wt% 
Pd/C collected from water under oxic conditions (continuous air sparging) with ReVII 
reference standards, and (B) Magnitude of Fourier Transform (FT) of k3χ(k) data for the 
catalyst and FEFF fit using Re-O path.   
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Figure 2.4. Re LIII edge EXAFS k3χ(k) spectra of 0.5-12 wt% Re-5wt% Pd/C collected 
from water under reducing conditions. Red circles highlight a few isosbestic points.   
 50  
   
   
Figure 2.5. FT of measured k3χ(k) data for (A) 12 wt% Re-5 wt% Pd/C catalyst and 
FEFF fit using Re-O and Re-Re paths and (B) 0.5 wt% Re-5 wt% Pd/C catalyst and its fit 
using Re-O, Re-Re, and Re-Pd paths. For magnitude and real part of FT[k3χ(k)], solid 
lines indicate measured data and dotted lines indicate fits.  
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A      B 
                
 
Figure 2.6. Proposed structures of Re species immobilized on Re-Pd/C consistent with 
EXAFS fitting results. (A) oxorhenium(V) cluster species that predominates on catalysts 
with higher Re content. The pyramidal cluster of four edge-sharing Re octahedra results 
in an average Re-Re coordination number of 3. (B) Monomeric hydroxorhenium(I) 
species directly coordinated to three Pd sites on the surface of Pd nanoclusters.   
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Figure 2.7. (A) Re LIII edge EXAFS k3χ(k) spectra of 5 wt% Re-5 wt% Pd/C catalyst 
collected from water under reducing conditions and fit using linear combination of two 
Re species derived from FEFF fitting (Re monomeric species and Re cluster species), and 
(B) proportions of two Re species contributions obtained by linear combination fits for 
catalysts with varying Re content. Error bars indicate 95% confidence levels.   
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Scheme 2.2. Modified oxygen atom transfer (OAT) reactions scheme for ClO4- reduction 
on Re-Pd/C catalysts involving Pd-adsorbed atomic hydrogen and atomic hydrogen that 
spills over to sites on the carbon support material. Dashed arrow indicates possible 
sequential OAT reactions from ReI species to ReV species. 
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Chapter 3 
Comparative Assessment of the Environmental Sustainability of Existing and 
Emerging Perchlorate Treatment Technologies for Drinking Water1   
3.1 Abstract 
 Environmental impacts of conventional and emerging perchlorate drinking water 
treatment technologies were assessed using life cycle assessment (LCA). Comparison of two ion 
exchange (IX) technologies (i.e., non-selective IX with periodic regeneration using brines and 
perchlorate-selective IX without regeneration) at an existing plant shows that brine is the 
dominant contributor for non-selective IX, which shows higher impact than perchlorate-selective 
IX. Resource consumption during the operational phase comprise >80% of the total impacts. 
Having identified consumables as the driving force behind environmental impacts, the relative 
environmental sustainability of IX, biological treatment, and catalytic reduction technologies are 
compared more generally using consumable inputs. The analysis indicates that the environmental 
impacts of heterotrophic biological treatment are 2-5 times more sensitive to influent conditions 
(i.e., nitrate/oxygen concentration) and are 3-14 times higher compared to IX. However, 
autotrophic biological treatment is most environmentally beneficial among all. Catalytic 
treatment using carbon-supported Re-Pd has a higher (ca. 4,600 times) impact than others, but is 
within 0.9-30 times the impact of IX with a newly developed ligand-complexed Re-Pd. This 
suggests catalytic reduction can be competitive with increased activity. Our assessment shows 
                                                        1 Reprinted with permission from Choe. J.; Mehnert, M. H.; Guest, J. S.; Strathmann, T. J.; Werth, C. J. Comparative assessment 
of the environmental sustainability of existing and emerging perchlorate treatment technologies for drinking water. Environ. Sci. 
Technol. 2013, 47, 4644-4652. Copyright 2013 American Chemical Society. 
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that while IX is environmentally competitive, emerging technologies also show great promise 
from an environmental sustainability perspective. 
 
3.2 Introduction 
Perchlorate (ClO4-) is used in the manufacture of rocket propellant, explosives, and 
fireworks, and the contamination of water resources results from improper use and disposal of 
these materials.1,2 It also occurs naturally in arid regions and potash ore within the United 
States.3 Its properties (anionic, water soluble, chemically inert) make perchlorate both highly 
mobile and persistent in groundwater and surface water.4 A recent U.S. EPA survey reported that 
perchlorate has been detected in more than 50 surface water sources and more than 60 
groundwater sources used by drinking water utilities in the United States.5 Drinking water 
contamination by perchlorate raises human health concerns because perchlorate interferes with 
iodine uptake by the thyroid, preventing normal endocrine system function.6 Because of potential 
risks associated with perchlorate consumption, state regulatory standards have been implemented 
in California (6 µg/L) and Massachusetts (2 µg/L), and the U.S. EPA recently announced plans 
to set a federal regulatory standard.7-10 Most of the utilities with perchlorate-contaminated source 
water serve from 10,000 to 100,000 people, and 35 of the surveyed utilities provide water to 
>100,000 people. As the drinking water industry invests in technology to overcome this 
challenge, there is a need to understand the relative sustainability of and trade-offs among 
perchlorate treatment technologies in terms of treatment efficacy, cost, and life cycle 
environmental impacts. 
  Among available technologies, ion exchange (IX) is most commonly implemented in the 
United States.11 There are over two dozen plants that use IX systems to treat perchlorate in 
 56
drinking water in California and Massachusetts, where perchlorate is regulated. Commercial IX 
processes are capable of meeting the regulatory levels with short reactor residence times.12 
Previously, IX resins used for perchlorate treatment were not highly selective for perchlorate 
(hereafter referred to as non-selective IX), and require frequent resin regeneration because of 
uptake of non-target ions that are typically much more abundant in source waters (e.g., NO3-, 
SO42-, HCO3-). Resins are regenerated by flushing resin beds with concentrated salt (NaCl) 
brines. The spent brines contain high concentrations of salt, perchlorate, and other non-target 
anions, and may require further treatment before discharging.12 Although regeneration prolongs 
the resin lifetime, concern has been raised regarding negative environmental impacts associated 
with brine generation and its disposal. More recently, IX resins that are highly selective for 
perchlorate (hereafter referred to as perchlorate-selective IX) have been developed, resulting in 
much longer contaminant breakthrough times from resin beds.13 However, the high selectivity 
for perchlorate also makes resin regeneration with brines ineffective; thus, spent resins are 
typically disposed after a single use, often by off-site incineration. Although non-selective IX is 
still common – particularly where treatment of nitrate is also required – many utilities treating 
perchlorate-contaminated source waters have adopted perchlorate-selective IX primarily due to 
its lower cost and ease of operation and maintenance.14 However, the environmental implications 
of this transition have never been assessed, and it is unknown whether this reduction in cost 
comes at a price for the global environment. 
 Biological treatment is another option for perchlorate removal, where anaerobic 
microorganisms reduce perchlorate to chloride using organic carbon (e.g., acetate, ethanol) or 
hydrogen as the electron donor.15 Several pilot-scale studies have shown the effectiveness of 
biological treatment under typical groundwater conditions and have demonstrated cost-
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competitiveness of the processes.16-18 However, implementation of biological treatment still faces 
challenges in overcoming public opposition to the use of biological processes for drinking water 
treatment and concerns about pathogen introduction. Hence, biological treatment is still 
considered an emerging technology for drinking water. Although biological treatment processes 
are generally perceived to be “greener” and more sustainable than physical/chemical 
technologies19, a formal comparative assessment of life cycle environmental impacts of 
biological versus IX treatment technologies for perchlorate have not been reported. 
 Recently, chemical reduction of perchlorate has emerged as a third treatment option. In 
the presence of carbon-supported Re/Pd bimetallic catalysts, reduction of perchlorate to chloride 
was observed when hydrogen was supplied as an electron donor.20 Its activity was found several 
orders of magnitude faster than other chemical reduction technologies for perchlorate (e.g., 
zerovalent iron21,22), and recent work demonstrates effectiveness for treating perchlorate present 
in waste IX regenerant brine.22 Although it is still in the early stage of development, catalytic 
reduction shows promise as an alternative technology, but the environmental implications of the 
technology are yet to be quantified.  
Given that federal regulation of perchlorate in drinking water is imminent10, it is 
important to elucidate the trade-offs among treatment technologies. Although economic costs are 
often a basis for comparison, no studies to date have objectively compared the relative 
environmental sustainability of existing and emerging perchlorate treatment technologies. The 
goal of this study is to evaluate the life cycle environmental impacts of conventional and 
emerging perchlorate treatment technologies using life cycle assessment (LCA).23-25 LCA has 
been applied to a wide range of processes in the water industry, from specific treatment 
technologies to entire wastewater treatment plants.26-28  Technologies evaluated here include 
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non-selective and perchlorate-selective IX, heterotrophic and autotrophic biological treatment, 
and catalytic treatment. The IX treatment processes are first evaluated for a specific water 
treatment plant where these technologies have been in use, and results are then generalized to 
compare all perchlorate treatment technologies. Specific objectives are to (i) quantify the relative 
contribution of each material and process to each environmental impact category for each 
treatment technology, (ii) elucidate the trade-offs among treatment technologies from an 
environmental perspective, and (iii) identify key opportunities for each technology to advance 
environmental sustainability and reduce treatment costs through future research.  
  
3.3 Materials and Methods 
3.3.1 System Description  
This study is presented in two parts. First, the environmental implications of choosing a 
perchlorate-selective IX system over a non-selective IX system with brine regeneration for 
perchlorate treatment are evaluated (herein referred to as IX Selectivity Impact Assessment). 
The two conventional systems are compared based on information obtained from an existing 
drinking water treatment plant in southern California. The facility treats approximately 3.6 
million gallons-per-day (MGD) of groundwater that is distributed to approximately 2,500 
residents for domestic purposes, as well as for commercial, industrial, and agricultural purposes. 
The influent ClO4- concentration ranges from 20-60 µg/L. The facility recently switched from a 
non-selective IX system to a perchlorate-selective IX system. Figure 3.1 shows a schematic of 
the treatment plant with system components of non-selective IX and perchlorate-selective IX. 
The non-selective IX system includes brine regeneration, resulting in a more complex 
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configuration with additional components compared to perchlorate-selective IX. Detailed 
descriptions of the two IX systems and their subsystems are provided in Appendix B.  
Using the perchlorate-selective IX as a new benchmark, the second part of this study 
(herein referred to as Emerging Technology Assessment) evaluates emerging treatment 
technologies: biological reduction and catalytic treatment. To generalize results, perchlorate-
selective IX is compared to these technologies based on the environmental impacts of 
consumable inputs normalized to the mass of perchlorate treated. The presumption – supported 
by LCA results from the first part of the study – is that consumables are the dominant 
contributors to each process’ life cycle environmental impacts, and therefore, assessment of their 
environmental impacts can typify that of the entire system. This assumption is also supported by 
results reported previously by others studying environmental impacts of water and wastewater 
treatment technologies.26,28-30 While this study focused on comparison of the aforementioned 
perchlorate-targeted treatment technologies, other treatment technologies such as reverse 
osmosis may be alternative options, particularly if a new plant is being constructed to treat 
multiple classes of emerging contaminants. 
The process flow diagrams for perchlorate-selective IX, biological reduction, and 
catalytic reduction are shown in Figure 3.2. For perchlorate-selective IX, pre-treated water 
passes through IX resin packed in a cylindrical vessel, and resin is replaced when its adsorption 
capacity is reached. Spent resins are transported off-site and incinerated.  
For biological reduction, electron donor (e.g., acetate, ethanol, hydrogen) and nutrients 
such as phosphate are added to support growth. The water then passes through an unaerated 
bioreactor where microorganisms reduce dissolved oxygen, nitrate, and perchlorate. The treated 
water is filtered via biologically active carbon and a sand filter to remove biomass and 
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biodegradable organic materials. Subsequently, water is aerated to re-introduce dissolved 
oxygen. Kinetic parameters for biological reduction were obtained from the literature.31,32 
For catalytic reduction, water passes through a column packed with carbon-supported 
Pd/Re catalysts, where hydrogen is added to promote the same reactions discussed for biological 
reduction processes. Like biological reduction, the treated water is then aerated. Kinetic 
parameters for catalytic reduction were obtained from our previous study.33 
 
3.3.2 System Boundary  
The goal of this LCA was to provide a comparative assessment of the life cycle 
environmental impacts of alternative perchlorate treatment technologies.  As such, the system 
boundary for this study primarily considers the construction and operation of system components 
that are directly related to perchlorate treatment and does not include other on- and off-site 
drinking water treatment processes that would be common to all alternatives. For instance, raw 
water is pre-treated and passed through a booster pump to increase head pressure prior to 
perchlorate treatment, and disinfected post-perchlorate treatment. These processes are same for 
all perchlorate treatment technologies, and are thus outside of the system boundary. Incineration 
of the perchlorate-selective resin, although occurring off site, was included within the system 
boundary because it is unique to one technology option and is considered integral to the overall 
life cycle impacts of the consumable resin that is assumed to be replaced annually. 
For the IX Selectivity Impact Assessment (part 1), the functional unit is removal of 
perchlorate from 3.6 MGD of influent water for 10 years, where influent perchlorate 
concentration is 50 µg/L and effluent perchlorate concentration is below 6 µg/L. The functional 
unit was chosen based on the duration that non-selective IX was used in this treatment plant 
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before switching to the new perchlorate-selective IX. For the Emerging Technology Assessment 
(part 2), the functional unit was the removal of one kilogram of perchlorate with an influent with 
50 µg/L perchlorate concentration and an effluent below 6 µg/L. The system boundary of the 
Emerging Technology Assessment was also modified to focus on consumable inputs as a driver 
of each technology’s life cycle environmental impacts. 
 
3.3.3 Life Cycle Inventory 
For the IX Selectivity Impact Assessment (Part 1), the inventory lists of materials and 
energy for two IX systems were generated from information obtained at the California treatment 
plant. These include all stationary units such as vessels, pipelines, and mechanical and electrical 
components, in addition to consumable inputs such as resins, chemicals, and energy use involved 
for the perchlorate treatment system. While construction of the IX system is not shown as a 
separate process, the study included the construction phase of the IX system by incorporating all 
raw materials and processes required for the material manufacturing into inventory compilation. 
For non-selective IX, detailed system schematics from the manufacturer were obtained and used. 
For perchlorate-selective IX, materials and their quantities were determined and scaled from 
those of non-selective IX systems based on their relative IX tank sizes. A description of 
components included in each subsystem of non-selective and perchlorate-selective IX and the 
breakdown lists of materials and their masses for two systems are provided in Appendix B. 
 For the Emerging Technology Assessment (Part 2), inventory lists were generated from 
consumables used during the operational phase of each treatment system. The quantities of 
consumables were calculated based on the information obtained from the literature and are 
summarized in the Appendix B. For both the first and second parts of this study, the life cycle 
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inventory data for each material (i.e., resources and emissions associated with extraction of raw 
materials, manufacturing, and transportation processes) were obtained from EcoInvent database 
(v2.2) implemented in SimaPro (v7.3; PRé Consultants; The Netherlands).  
 
3.3.4 Impact Assessment 
The environmental sustainability of alternative perchlorate treatment technologies was 
evaluated by comparing environmental impacts of these technologies. The study was performed 
following the general framework for LCA established by the International Organization of 
Standardization (ISO).24,25 The environmental impacts of each treatment technology were 
assessed using the Tool for the Reduction and Assessment of Chemicals and their environmental 
Impacts (TRACI) v2.0,34 which uses the following midpoint environmental impact categories: 
global warming (kg CO2-equivalent), acidification (H+ moles-eq.), human health (kg benzene-
eq., kg toluene-eq., and kg PM2.5-eq. for carcinogenicity, non-carcinogenicity, and respiratory 
effects, respectively), eutrophication (kg N-eq.), ozone depletion (kg CFC-11-eq.), ecotoxicity 
(kg 2,4-dioxane-eq.), smog formation (g NOx-eq.), and fossil fuel depletion (MJ-surplus). 
 
3.4 Results and Discussion 
3.4.1 Part I: IX Selectivity Impact Assessment 
LCA results for the comparison of non-selective and perchlorate-selective IX treatment 
systems are summarized in Figure 3.3. Results for each impact category are normalized to 
absolute values of the non-selective IX system because each category uses different units and 
absolute scales are not comparable across categories. This is not meant to imply that the impacts 
in different categories are of equal magnitude or importance. Corresponding absolute values with 
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units are provided for each category in the Appendix B. Also shown are relative economic costs 
for the two systems [based on personal communications with the Calgon Carbon Corporation], 
separated into capital and operating costs. Actual capital and operating costs are provided in the 
Appendix B. 
For the non-selective IX system, salt (NaCl) used for the brine contributed over 80% of 
impacts in all categories, except ozone depletion. Although a large contribution from salt 
consumption was expected, such dominance across 9 of 10 categories was not anticipated by the 
authors. While the environmental impacts of salt are smaller than those of other materials (e.g., 
polymers used for resins) when they are compared on a mass basis, the large salt usage (9 
tons/day) by the treatment plant was shown to overwhelm the impacts from all other materials 
combined. The major environmental impacts from salt use results principally from toxic 
chemicals released during the solution mining process where water is injected into a salt 
deposit.35 Alternative salt sources (CaCl2 and LiCl) were also evaluated, but their impacts in all 
categories were significantly higher than for NaCl (1- to 2-order of magnitude higher). The large 
impacts from salt usage suggests that efforts to treat and recycle waste brines significantly reduce 
overall environmental impacts of non-selective IX systems and should be a key direction for 
future IX research.  
For perchlorate-selective IX, production and incineration of IX resins are major 
contributors to environmental impacts ranging from 52% to 90% in all categories, except ozone 
depletion. The IX resin is mostly made of a polystyrene polymer, which contributes to the above 
environmental categories. The environmental impacts from the IX resin are principally attributed 
to compounds emitted to air during the combustion process and to water during the distillation 
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process of polystyrene production36. The relatively high contribution of IX resins to the category 
of fossil fuel depletion (about 91%) is due to energy intensive processes in the production.  
For all categories, the environmental impact of the perchlorate-selective IX system is less 
than that of the non-selective IX system. The IX resin is the dominant contributor in most 
categories for the perchlorate-selective IX, as a larger amount of IX resin (approximately 7 times 
higher) is required since spent resins need to be disposed of and replaced annually; however, this 
increase in the total amount of IX resin resulted in smaller impacts than the salt (in brine 
solution) used for regeneration of the non-selective IX resin. In all categories except global 
warming and fossil fuel depletion, the impacts from the perchlorate-selective IX were less than 
40% of those determined for the non-selective IX. For global warming and fossil fuel depletion 
categories, impacts from the perchlorate-selective IX system were approximately 70% of the 
non-selective IX system. In the former, production and incineration of the polymer-based resin 
was the dominant contributor to fossil fuel consumption. When evaluation time is extended to 20 
years, the changes in relative contribution of salt use and resin were less than 5%. The 
dominance of impacts from salt use and resin did not change since dominant contributors for all 
components are consumable inputs (e.g., salt, resin) from operational phase and their magnitude 
increases proportionally to the evaluation time. Comparison of capital and operating costs (in 
Figure 3.3) also shows the advantage of the perchlorate-selective IX system over the non-
selective IX system, which is not surprising since this has been a primary driver for the recent 
industry trend towards perchlorate-selective IX treatment systems. Uncertainty values of 
environmental impacts of two IX systems were estimated using the Pedigree matrix37 and Monte 
Carlo simulation; calculation details and results are shown in Appendix B.  Uncertainty values 
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are small relative to differences between environmental impacts of nonselective and perchlorate 
selective IX.   
 Comparison of the two IX systems at the California treatment plant showed that 
perchlorate-selective IX is more environmentally sustainable than non-selective IX with brine 
regeneration for perchlorate removal from contaminated water. This work also identified that the 
dominant contributions to environmental impacts were from consumables (e.g., resins, salt) used 
during the operational phase (mostly above 80%). This latter conclusion is consistent with results 
reported by others studying environmental impacts of water and wastewater treatment 
technologies.26, 28-30 This shared observation has a significant implication for comparative 
assessments of alternative perchlorate treatment technologies: the relative environmental 
sustainability can be evaluated based on consumables used during the operational phase, as these 
consumables will likely drive life cycle environmental performance. Such approximation is 
especially useful for the evaluation of emerging treatment technologies for which limited (or no) 
full-scale data is available, but where quantities of consumable inputs can be estimated based on 
a fundamental understanding of the technology.  
  
3.4.2 Part II: Emerging Technology Assessment 
The environmental sustainability of perchlorate-selective IX and emerging perchlorate 
treatment technologies (i.e., heterotrophic and autotrophic biological reduction, chemical 
reduction using Re/Pd-C catalyst) are assessed and compared to explore the current technology 
landscape, as well as to identify fundamental limitations of and future research directions for 
each technology. Based on the result that consumables used during operational phase of IX 
treatment systems represent the major portion of environmental impacts (and supported by 
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similar observations in water and wastewater studies), the relative environmental sustainability 
of these treatment technologies was evaluated using only consumable inputs. Both ideal (where 
only perchlorate was present in source water) and non-ideal (where non-target anions and 
alternative electron acceptors were present in source water) conditions are considered. 
 
3.4.2.1 Idealized Perchlorate Removal.  
Resin or electron donor requirements were calculated for removal of only the target 
perchlorate under the assumption that there is no inhibition from or competition with other 
constituents in water (e.g., dissolved oxygen, nitrate). Figure 3.4 shows direct comparison of 
environmental impacts (global warming, human health carcinogenicity, acidification, and 
ecotoxicity) of perchlorate-selective IX, biological reduction using acetate as the electron donor, 
and catalytic reduction using hydrogen in the presence of carbon-supported Pd/Re catalysts. The 
quantity of consumable inputs for each technology is normalized per kg of ClO4- treated. 
Assumptions and summary of calculations are shown in Appendix B. The results show that the 
environmental impacts of biological reduction are the lowest by a wide margin, followed by IX, 
then catalytic reduction for all impact categories. For biological reduction, the contribution from 
electron donor is 87% to 98% in these categories. Catalytic reduction results in environmental 
impacts two to three orders of magnitude greater than the other two technologies. The dominant 
contributions stem from catalyst metals (i.e., palladium, rhenium). For these metals, sulfidic 
tailings contribute to human health and ecotoxicity, and natural gas burned during the refining of 
palladium contributes to global warming and acidification.  
 
 
 67
3.4.2.2 Impact of Source Water Quality 
Resin or electron donor requirements were calculated for removal of perchlorate, and 
other constituents in water. For IX, other anions (e.g., nitrate, sulfate, bicarbonate, chloride) 
compete with perchlorate for uptake on resin sites. For biological reduction, other electron 
acceptors (e.g., nitrate, sulfate, oxygen) can inhibit perchlorate reduction by microorganisms, as 
they are energetically more favorable. Similarly, other electron acceptors react with hydrogen 
and compete for reaction sites during catalytic reduction. Among these constituents, nitrate is a 
key constituent because it has the second highest affinity to IX resins, and it is a favorable 
electron acceptor because it is often present at concentrations 3 to 4 orders of magnitude greater 
than perchlorate.  
Focusing on perchlorate-selective IX and biological reduction as leading alternatives 
(from an environmental perspective), Figure 3.5 shows the sensitivity of environmental impacts 
of these technologies to influent water constituents, especially to nitrate concentration. For 
biological reduction, the environmental impacts of global warming and carcinogenicity increase 
linearly with nitrate concentration, because electron donor requirements increase linearly with 
alternative electron acceptor concentrations (e.g., nitrate). The sensitivity of environmental 
performance to dissolved oxygen in the influent is also evaluated across the range of 2 to 9 mg/L, 
where the higher end is the saturation level. Since biological reduction removes dissolved 
oxygen from water, biological treatment systems must also re-aerate treated waters, which result 
in additional environmental impacts (which were included in this analysis). For IX, the influence 
of nitrate and sulfate on the performance of IX was calculated based on results reported in 
literature.38 Equilibrium multicomponent chromatography was used to predict the effect of 
nitrate and sulfate concentrations on run length to perchlorate breakthrough for perchlorate-
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selective resins. The change in environmental impacts due to the presence of nitrate (up to 44 
mg/L, MCL level) and sulfate (up to 60 mg/L) are smaller than those of biological reduction. The 
results indicate that environmental impacts of treatment technologies are sensitive to common 
water constituents other than perchlorate, but IX is more environmentally sustainable than 
heterotrophic biological reduction using acetate as electron donor under typical water conditions.  
For biological reduction, the effects of different electron donors (i.e., acetate, ethanol, 
hydrogen) on environmental performance of the system have also been evaluated. Among three 
common electron donors, acetate results in the highest environmental impacts followed by 
ethanol, then hydrogen. Acetic acid is produced by the Monsanto process36, in which carbon 
monoxide reacts with methanol at high temperature and pressure and produce carbon dioxide as 
a side reaction. For human health carcinogenicity, the emission of heavy metals from the 
disposal of sulfidic tailings is the major contributor. Ethanol for industrial use is produced from 
direct hydration of ethylene, where carbon dioxide is emitted, and hard coal burned in industrial 
furnaces for ethanol production contributes to the release of carcinogenic heavy metals. 
Hydrogen is produced from steam reforming of fossil fuels (i.e., natural gas). The reformation 
process is the major source of carbon dioxide emission, which is produced as a side reaction. The 
mass of electron donor required to reduce 1 kg of perchlorate is 0.6 kg acetate, 0.3 kg ethanol 
and 0.08 kg hydrogen based on the stoichiometric ratio (stoichiometric reactions and biomass 
yield assumptions are shown in Appendix B); therefore, differing consumption levels (on a mass 
basis) of alternative electron donors greatly contribute to the differences in their total 
environmental impacts to treat perchlorate. Additionally, the impacts of acetate on human health 
categories are approximately 1 order of magnitude higher than those of hydrogen on an 
equivalent mass basis. While environmental contributions of heterotrophic biological (i.e., 
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acetate, ethanol as electron donor) reduction are larger than those of IX over the range of nitrate 
concentrations shown in Figure 3.5, autotrophic biological reduction (i.e., hydrogen as electron 
donor) results in a smaller environmental impact than IX, demonstrating its promise as a more 
environmentally sustainable technology. It is also worth noting that the environmental advantage 
of using hydrogen as electron donor over others can also be applied when evaluating alternative 
electron donors for in situ bioremediation strategies (e.g., for reductive dehalogenation of 
chlorinated solvents). 
Figure 3.6 shows environmental impacts of catalytic perchlorate treatment compared to 
IX and biological reduction in the presence of sulfate, nitrate, and oxygen under typical 
concentrations found in perchlorate-contaminated drinking water sources. Catalytic reduction 
also requires additional electron donor for reduction of nitrate and oxygen, and this increases 
environmental impacts of the technology in addition to the impact from the aeration process. 
However, the changes in environmental impacts are relatively small (less than 7%), since metal 
catalysts are the dominant contributors. The environmental sustainability of catalytic perchlorate 
reduction can be significantly improved if catalytic activity can be enhanced. Recent research 
focuses on improving catalytic activity by modifying the coordination environment of rhenium 
metal (i.e., Re-ligand complexes).39 These modifications result in ca. 20 times higher activity 
than catalysts considered in calculations presented above. The environmental impacts of catalytic 
reduction when activity is enhanced by 20 times (thus reducing required amounts of metals by a 
similar factor) are also shown in Figure 3.6. For global warming, the contribution from metal 
catalysts is reduced to 42% of the total impact; this makes the total impact of the catalyst system 
comparable to IX and biological reduction. For human health, catalytic reduction still shows 
higher impacts than IX and biological reduction, as 98% of the impact comes from palladium 
 70
and rhenium metals. Uncertainty values of environmental impacts for the conditions evaluated in 
Figure 3.6 are in the Appendix B; they are relatively small compared to differences between 
environmental impacts of these treatment options. It is important to recognize that the 
environmental impacts of catalytic reduction for other pollutants cannot be inferred from those 
for perchlorate. For example, Pd-based catalytic reduction rate constants for two common 
pollutants, trichloroethylene and nitrate, are ca. 3,800 times and ca. 40 times greater (normalized 
by Pd mass) than that for perchlorate.  Hence, the environmental sustainability of alternative 
technologies for each pollutant must be analyzed individually. 
 
3.4.3 Impact of New Perchlorate Regulation on Drinking Water Treatment  
To study the impact of a new perchlorate regulation on existing drinking water treatment 
plants, the environmental impacts of perchlorate treatment technologies are compared relative to 
those of conventional drinking water treatment technologies in Table 3.1. These conventional 
treatments include processes such as coagulation-flocculation-sedimentation, granular media 
filtration, and chemical disinfection. The inventory lists of consumable inputs for these processes 
were obtained from literature,40,41 and the treatment processes included in these lists are 
described in Table 3.1. Their environmental impacts were characterized in the same way as 
those of perchlorate treatment technologies. For perchlorate-selective IX, environmental impacts 
from consumable inputs are estimated to be <10% of those estimated for conventional treatment 
technologies. Impacts from heterotrophic biological reduction are in the range of 5-30% of 
conventional treatment technologies for most impact categories. Catalytic reduction shows 
environmental impacts that are comparable to those of conventional treatment processes, and 
even show higher impacts in categories of acidification, human health, eutrophication, and 
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ecotoxicity. This suggests that for catalytic reduction to be a viable treatment option for 
perchlorate, its environmental impacts need to be significantly reduced. This can be achieved by 
enhancing catalyst activity (i.e., 50-500 Lh-1g-1Pd with equivalent wt% Re) as previously 
discussed. These results also indicate that consumables associated with new unit processes for 
perchlorate treatment will increase the overall environmental impacts of a treatment facility. 
Thus, it follows that improvement in these technologies that reduce consumable inputs (e.g., 
technologies enabling recycling of waste IX brines, perchlorate-selective IX resins that are 
regenerable, more active catalysts, use of lower-impact electron donors) can contribute 
measurable improvements to the sustainability of drinking water treatment operations as a whole. 
This finding is useful for researchers setting priorities for future technology development goals 
(e.g., setting benchmarks for catalyst activity). The marked effect of non-target water 
constituents on the relative environmental impacts of competing perchlorate treatment processes 
also highlights the importance of considering site-specific source water characteristics in 
selecting the most sustainable treatment options to use at individual utilities. 
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3.6 Figures and Tables 
 
 
Figure 3.1. Schematic of alternative IX treatment systems used at the California utility; 
box with dashed line indicates system boundary. Detailed description for each component 
can be found in Appendix B. 
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Chapter 4 
Performance and Environmental Benefits of Recycling of Spent Ion Exchange 
Brines via Catalytic Reduction 
4.1 Abstract 
Salt used to create brines for regeneration of ion exchange (IX) resins is the dominant 
economic and environmental liability of IX treatment systems for nitrate-contaminated drinking 
water sources. To address this challenge, the applicability and environmental benefits of using 
catalytic reduction to treat nitrate in spent IX brines to enable reuse as IX resin regenerants were 
evaluated. Nitrate reduction via hydrogenation with bimetallic catalysts was first evaluated in a 
batch reactor containing a typical spent brine (i.e., 70 g/L NaCl, 5000 mg/L NO3-) and a 2.5 
wt%Pd-0.25wt%In on pelletized activated carbon catalyst (Pd-In/C). An activity of 24 mgNO3-
gPd-1min-1 was obtained, which is within 60% of that obtained in freshwater.  The longevity of 
the same catalyst for nitrate reduction via hydrogenation in the brine was then evaluated for more 
than 60 continuous days in a packed-bed reactor, and 87-95% nitrate reduction was observed 
with no decrease in activity over time. Based on catalyst activity in the batch reactor, a hybrid 
IX/catalyst system was designed and its environmental benefits to a conventional IX system 
(with no treatment and no reuse of spent brines) were evaluated using life cycle assessment of 
process consumables. Environmental impacts of the hybrid system include global warming 
potential, ecotoxicity, and fossil fuel depletion, and were 38-81% of those of conventional IX. 
Major environmental impact contributors other than salts include Pd metal, hydrogen (electron 
donor), and carbon dioxide (pH buffer). Sensitivity of environmental impacts of the hybrid 
IX/catalyst system to sulfate and bicarbonate anions that build up in waste brines was analyzed 
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and showed that the system is more environmentally sustainable than conventional IX system if 
brines have < 4.5 g/L of bicarbonate (and no sulfate) or < 9.7 g/L of sulfate (and 0 g/L 
bicarbonate). The study showed the hybrid IX/catalyst system is a promising technology that can 
reduce resource consumption and improve environmental impacts of nitrate removal in drinking 
water.  
 
4.2 Introduction 
Nitrate (NO3-) is a common groundwater contaminant that comes from different sources 
and varies by environment.1 In rural areas, nitrate is found in fertilizer used in agricultural 
operations,2 and despite the increasing efficiency of fertilizer use in the US,3 a 25%-60% 
increase in fertilizer use worldwide is predicted by 2025 due to demand of a growing 
population.3  In addition to fertilizer application, excess nitrogen in the environment comes 
mainly from livestock manure and leaking septic systems.4  In California as of 2004, roughly 
40% of the population relied on groundwater for domestic use and the level of nitrate 
contamination was the primary factor leading to closure of 34% of wells.4 Researchers in Texas 
similarly found the highest levels of nitrate contamination in groundwater—50% of which 
exceeded the US EPA’s maximum contamination level (MCL)—in predominantly agricultural 
areas.5 Over 15% of drinking water wells tested on farmland in rural New York had nitrate 
concentrations exceeding the MCL.6 A 2002 report by the European Union (EU) concluded 50-
80% of nitrogen inputs to EU waters were from agricultural origins and 20% of EU groundwater 
exceeded the recommended concentration.7 
High levels of nitrate in drinking water can cause methemoglobinemia in infants (a.k.a. 
blue baby syndrome)8-11 and can promote physiological production of nitrosamines, which are 
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suspected of causing cancer.12 Due to the negative health consequences of nitrate, the US EPA 
has regulated the MCL of nitrate in drinking water since 1992 at a level of 10 mg/L nitrate-
nitrogen (44 mg/L nitrate).13 The World Health Organization (WHO) recommends no more than 
11 mg/L nitrate-nitrogen in the drinking water. The EU adopted the WHO limit14 and further 
reinforced the need to handle nitrate pollution from agriculture with the 1991 EU Nitrates 
Directive.7 
The most common technology for nitrate removal in drinking water in the United States 
is ion exchange (IX) as the system is considered simple, effective, and relatively cheap.15,16 
Despite the efficacy of ion exchange for nitrate treatment, the technology only separates the 
contaminant from water instead of destroying it. Also, when the IX resin’s exchange capacity is 
exhausted, the resin requires regeneration, which is accomplished by flushing with a high salt-
content brine.16 This produces a nitrate-contaminated brine stream as a waste stream. The 
disposal of waste brine and cost of large amounts of salt needed for making fresh brines are the 
two primary drawbacks of the conventional IX system.16 For example, at a 0.77 million gallon 
per day (MGD) water treatment plant in Vale, Oregon, the operations and maintenance (O&M) 
cost of salt and caustic soda represented 82% of total O&M cost, and approximately 60 g of salt 
was required for each gallon of treated water.17 Waste brine disposal also raises environmental 
concerns. 
Developing an effective method to regenerate waste brine for reuse may provide 
significant benefits to both the cost and sustainability of IX. One method for regenerating waste 
brine is biological denitrification. Studies showed that nitrate-reducing bacteria could effectively 
reduce nitrate in high salt levels, enabling treated brines to be reused for resin regeneration.15,18 
Clifford and his colleagues showed that biological denitrification with their sequencing batch 
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reactor allowed reuse of the treated brine for at least 15 cycles of IX resin regeneration, which 
reduced 95% of the brine waste volume and 80% of the salt requirement.19-21 The main drawback 
of biological treatment for brine treatment is the unpredictability of the bacterial culture in the 
presence of non-target constituents.22  
Another method for regenerating waste brine may be chemical reduction of nitrate. In this 
study, we use bimetallic palladium-indium catalysts on a pelletized activated carbon support (Pd-
In/C) to reduce nitrate. Palladium-copper (Pd-Cu) is another common bimetallic combination, 
but copper is more susceptible to leaching than indium.23 Two potential benefits of catalytic 
reduction over biological denitrification for waste brine treatment are lower maintenance 
requirements, and ease of operation at a water treatment facility. Also electron donor used for 
catalytic reduction is hydrogen, which has lower environmental impacts than acetate and other 
organic donors typically used for biological reduction.24 A potential and poorly characterized 
challenge of catalytic reduction is reduced activity from non-target water constituents. While the 
effectiveness of catalytic reduction in brines using Pd-In/C catalysts are not known, our recent 
work demonstrated effective catalytic reduction of perchlorate and nitrate in synthetic and waste 
brines using powder activated carbon supported Pd-Re bimetallic catalysts.25  
Although benefits of reducing salt use in brines for IX systems are generally discussed, 
no study so far has systematically evaluated and compared the environmental impacts of these 
brine treatment technologies with conventional IX system. For biological treatment process of 
waste brine, aforementioned studies only evaluated economic benefits and impacts. Chiueh et al., 
conducted a life cycle assessment (LCA) study to characterize environmental impacts of Pd-
based catalytic technologies, but it was focused on removing nitrate from water and not related to 
IX waste brine treatment.26  
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The goal of this study is to evaluate the applicability and environmental benefits of 
catalytic reduction to treat nitrate in spent IX brines for their reuse as IX resin regenerants. 
Specific objectives are to i) quantify nitrate reduction in brine conditions using Pd-In on 
pelletized activated carbon as catalysts, ii) assess stability of catalysts during continuous 
treatment applications, iii) evaluate environmental benefits of catalytic treatment and reuse of IX 
brines using LCA, and iv) identify the influence of other major non-target constituents (e.g., 
sulfate, bicarbonate) that build up in waste brines on catalytic activity and on environmental 
sustainability of the technology.  
 
4.3. Materials and Methods 
4.3.1 Chemical Reagents  
Reagent-grade sodium nitrate (NaNO3), sodium chloride (NaCl), sodium bicarbonate 
(NaHCO3), sodium sulfate (Na2SO4), and hydrochloric acid (HCl) were purchased from Fisher 
Scientific. Activated carbon-supported (ca. 1 mm size granular particles) palladium (Pd) and 
indium (In) bimetallic catalysts (Pd-In/C) were prepared by Johnson Matthey with nominal Pd-In 
wt% loadings of: 2.5wt%Pd-0.25wt%In, 1.0wt%Pd-0.10wt%In, 0.5wt%Pd-0.05wt%In, 
0.2wt%Pd-0.02wt%In, 0.5wt%Pd-0.25wt%In, 0.5wt%Pd-0.1wt%In, 0.5wt%Pd-0.025wt%In and 
0.5wt%Pd-0.0125wt%In. These pelletized catalysts were used instead of powder catalysts to 
minimize required head pressure for catalyst-pecked flow-through column reactor. H2 gas 
(99.999%) and CO2 gas (99.99%) cylinders were obtained from Matheson Tri-Gas (Joliet, IL). 
Deionized water (electrical resistivity >17.8 MΩ cm) was generated using a Barnstead nanopure 
system. 
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4.3.2 Catalytic Reduction of Nitrate - Batch System 
Batch experiments of nitrate reduction in brine were conducted to monitor reduction 
kinetics of catalysts. 20 g/L Pd-In/C catalysts with 0.2–2.5wt% Pd loading and 0.0125–0.25wt% 
In were suspended in 0–10 wt% (0–1.7 M) NaCl solution (150 mL) mixed by constant stirring at 
room temperature under H2 sparging (ca. 250 mL/min) for 20 min prior to nitrate addition. A 
reduction experiment was then initiated by adding 5000 mg/L (81 mM) nitrate, a value within the 
range of typical nitrate concentrations found in IX brines. 1 mL samples were collected by 
syringe and filtered with 0.45 µm PTFE filter at regular intervals over the course of the reaction 
to monitor dissolved NO3- concentrations.  The pH of solution was maintained at a set value with 
HCl by a pH-stat (Radiometer Analytical TIM845 potentiometric titrator). One set of 
experiments using 2.5 wt%Pd-0.25wt%In/C catalysts was performed with no pH control and the 
pH of solution increased from 3.3 to 11.5 over 8h of reaction.  
 
4.3.3 Catalytic Reduction of Nitrate - Continuous Flow Column System 
A packed bed column experiment was conducted with the reactor setup shown in Figure 
4.1. The reactor is a 0.9 cm ID x 36 cm long glass column, packed with 9.6 g of 2.5 wt% Pd-0.25 
wt%In /C catalyst. Because initial nitrate concentrations in brines (81 mM) are much higher than 
saturated concentration of hydrogen (ca. 0.8 mM when PH2 = 1 atm), a two-phase reactor was 
built and used for this experiment. The internal column volume was 29.8 mL, and 10.4 mL of 
this was interstitial pore space. Brines were passed through the column at a flow rate of 0.1 
mL/min (equivalent to retention time of ca. 104 min) and the solution temperature was 
maintained at 21.0 ± 1.0 °C. Hydrogen gas was mixing directly with the brine via 1/8 inch OD 
silicon tubing at a flow rate of 1.4 mL/min, supplying sufficient H2 (i.e., H2/NO3- molar ratio of 
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ca. 7 at the column inlet) to reduce oxyanion concentrations found in brine. These brine and 
hydrogen flow rates were changed to 0.2 mL/min and 2.8–7.0 mL/min, respectively, during the 
experiment to monitor their influences on nitrate reduction. Carbon dioxide was delivered with 
H2 at a flow rate of 0.7 mL/min to maintain the reactor pH at 7.0 ± 0.2. Liquid samples were 
periodically collected upstream and downstream of the reactor to monitor influent and effluent 
concentrations of nitrate. The column experiment was conducted for >60 days.   
 
4.3.4 Analytical 
Concentrations of NO3- and Cl- were analyzed by ion chromatography (IC) with 
conductivity detection (Dionex ICS-2000 systems; Dionex IonPac AS19 column; 10 mM KOH 
eluent; 1.2 mL/min eluent flow rate). The detection limit is ca. 5 mg/L for all target ions. 
Elemental analysis of fresh and used catalysts from column experiments were determined by 
inductively coupled plasma with optical emission spectrometry detection (ICP-OES). The 
analysis was performed at the Microanalysis Laboratory of the School of Chemical Sciences, 
University of Illinois at Urbana-Champaign using Optima 2000 DV ICP-OES (Perkin Elmer). 
Solution pH measurements were performed using a pH meter (Radiometer Analytical pHC2401-
8) equipped with a pH stat. 
 
4.3.5 Assessment of Environmental Sustainability of Brine Regeneration 
Environmental sustainability of nitrate treatment by ion exchange with catalytic 
regeneration of spent brines (herein referred to as a hybrid IX/catalyst system) was evaluated by 
assessing and comparing the environmental impacts of the system with those of a conventional 
IX system (in which spent brines are directly disposed and are not treated and reused). Figure 
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4.2 shows a process schematic of these two systems. The study was conducted based on the 
principles and framework for life cycle assessment (LCA), established by the International 
Organization of Standardization (ISO).27,28 The system boundary for this study focuses on 
material inputs from the operational stage of IX (e.g., IX resins, NaCl) and catalytic system 
components (e.g., Pd, In, H2) that are directly related to nitrate removal in drinking water 
treatment because previous work showed environmental impacts from these inputs dominate 
over those from constructional phase.24 The functional unit is removal of nitrate from 5.8 million 
gallons-per-day (MGD) of influent water for 10 years, where the influent nitrate concentration is 
65 mg/L and the effluent nitrate concentration is below 3 mg/L. This functional unit was chosen 
based on information obtained from an existing drinking water treatment plant in Southern 
California. The plant treats nitrate in groundwater using IX, where spent resins are regenerated 
with freshly prepared brine at flow rate of 0.031 MGD.  
 Inventory lists of materials and energy for conventional IX systems and hybrid 
IX/catalyst systems were generated from consumables used during the operational phase of each 
treatment system. The summary of consumable inputs and assumptions made for these two 
systems are shown in Table 4.1. Quantities of IX resin and salt used for brines on conventional 
IX system were calculated based on the information provided by the treatment plant. For 
catalytic treatment of spent brines for reuse, the amount of Pd and In metals were calculated 
based on the highest activity obtained for a series of nitrate reduction experiments in brine 
conditions (discussed in result section). H2 and CO2 consumptions during the regeneration 
process were calculated from the stoichiometric ratios of H2 and CO2 used for nitrate reduction. 
During each cycle of resin regeneration, brines lose a fraction of Cl- ions when they are 
exchanged with NO3- and other anions (HCO3- and SO42-) sorbed on IX resins. The amount of Cl- 
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lost during this process was calculated from stoichiometric ratio of Cl- to NO3-, HCO3-, and SO42- 
for ion exchange and that same amount was added as make-up for each cycle of brine 
regeneration to keep the salt level of regenerated brines same as that of fresh brines. These 
calculations are shown in the Appendix C. 
Resources and emissions data for raw materials extraction, manufacturing, and 
transportation of each material were obtained from EcoInvent database (v2.2) implemented in 
SimaPro (v7.3; Pre Consultants; The Netherland). The Tools for the Reduction and Assessment 
of Chemical and other environmental Impacts (TRACI) v2.0,29 was used to assess the 
environmental impacts of the treatment technologies. The method uses the following midpoint 
environmental impact categories: global warming (kg CO2-equivalent), acidification (H+ moles-
eq.), carcinogenicity (kg benzene-eq.), noncarcinogenicity (kg toluene-eq.), and respiratory 
effects (kg PM2.5-eq.) in human health, eutrophication (kg N-eq.), ozone depletion (kg CFC-11-
eq), ecotoxicity (kg 2,4-dioxane-eq.), smog formation (g NOx-eq.), and fossil fuel depletion (MJ-
surplus).  
 
4.4 Results and Discussion 
4.4.1 Nitrate reduction in brine conditions.  
Figure 4.3 shows results for reduction kinetics of 5000 mg/L (81 mM) of nitrate in a 70 
g/L (1.2 M) NaCl solution (replicating a typical waste IX brine solution) and in freshwater. The 
results show that nitrate was reduced >99% within 9h under the brine condition using a catalyst 
loading of 20 g/L. For the initial 90% of reduction (up to 500 g/L NO3-), the reaction kinetics can 
be fit using 0th order rate laws, indicating active sites of catalyst is saturated by nitrate (and other 
competing ions). The fit-derived 0th order rate constant is 24 mgNO3-min-1gPd-1. The results 
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indicate that spent IX brines with high nitrate can be regenerated via catalytic reduction of nitrate 
using Pd-In/C catalysts in presence of H2. The fit-derived 0th order rate constant is 40 mgNO3-
min-1gPd-1 for nitrate reduction in freshwater. Slower activity in the brine condition suggests salt 
concentrations in brines may inhibit the reaction but not to the extent in which catalyst is 
deactivated.  
 
4.4.2 Catalyst activity dependence on different parameters 
Different Pd and In metal loadings and ratios were tested to optimize the catalyst 
formulation. Figure 4.4A shows results for batch reactions of nitrate reduction in the synthetic 
brine using catalysts with Pd loadings from 0.05 to 2.5wt%, and a fixed Pd/In ratio of 10. When 
normalized by Pd mass, the 0.5wt%Pd catalyst (0.05 wt%In) showed the highest activity. Figure 
4.4B shows results for batch reactions of nitrate reduction in the synthetic brine using catalysts 
with Pd to In ratios from 2 to 40, and a fixed Pd loading of 0.5 wt%. The activity is less 
dependent on the Pd to In radio (Figure 4.4B) than the Pd loading (Figure 4.4A), and the highest 
activity occurs over a range of Pd to In ratios from 5 to 20. Thus, the optimum Pd and In 
loadings are 0.5 wt%Pd and 0.025–0.1 wt%In. 
 The influence of brine conditions (e.g., pH, salt level, other oxyanion constituents) on 
catalytic nitrate activity was tested and results are summarized in Table 4.2. As the brine pH 
increased from 5 to 8, the observed 0th order rate constants decreased by only 4.2%. For 
uncontrolled pH experiment, the pH increased from 3.4 to 11.5 over 8 h of reaction, where ca. 
90% of the initial nitrate was reduced (i.e., 5000 mg/L as NO3-). The catalyst activity was within 
21% of pH-controlled experiment, indicating brine pH has little effect on nitrate reduction 
kinetics.  
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 Salt levels in brines were increased from 0 to 100g NaCl/L, and the observed 0th order 
rate constants decreased by 53%. Between 40–100 g NaCl/L (typical salt levels in brines), the 
difference in catalyst activity was only 21%. The inhibitory effect of chloride ions were also 
reported for powder Pd-Cu/alumina catalyst30; the effect was more significant for alumina-
supported catalysts, in which activity dropped by 2-orders of magnitude when only 1.8 g NaCl/L 
was present. Pintar et al. suggested that the inhibitory effect is due to the competition of Cl- ions 
with NO3- for activated sites on catalyst surfaces.31 
Sulfate and bicarbonate are major anions present in brines, typically in the range of 0.1-
10 g/L concentrations.  Their effects were more significant compared to pH and salt. In the 
presence of 10 g/L SO42-, the observed 0th order rate constants decreased by 25%; in the presence 
of 10g/L HCO3- (where pH was stabilized at 7.9), it decreased by 74%. Reduction of neither 
sulfate nor bicarbonate ion was observed during 8h of reactions. More significant inhibition by 
bicarbonate compared to sulfate was also shown for Pd-Cu/alumina catalysts.30 
 
4.4.3 Continuous catalytic treatment of brines in a packed-bed column reactor.  
Stable and reproducible performance of catalytic brine regeneration was demonstrated 
using a continuous flow-through column reactor packed with 0.5 wt% Pd–0.05 wt% In/C. Figure 
4.5 shows product distribution results in the column effluent. From 87–95% nitrate reduction 
was observed for continuous operation over more than 60 days. The nitrite concentration was ca. 
3%, and the ammonia concentration ca. 30%, of influent nitrate concentration when the brine 
flow rate and H2 flow rate are fixed to 0.1 mL/min and 1.4 mL/min, respectively. While 
ammonia is considered an undesired product for drinking water, it remains in the brine for the 
hybrid IX-catalyst system, and it is assumed to not affect brines’ performance on resin 
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regeneration because it is a cation. When brine flow rate and H2 flow rate were doubled, less 
nitrate reduction occurred because the retention time is halved. When H2 flow rate was increased 
to 7 mL/min (H2 to NO3- molar ratio of ca. 35), slight improvement in nitrate reduction was 
observed treating >95% influent nitrate but significant increase (ca. 100%) in ammonia 
formation was also observed. This is expected to be due to higher availability of H2 at catalyst 
surface where nitrate is reduced. No visible loss in catalyst activity was observed during >60 d of 
continuous operation, indicating catalysts are not likely to be fouled due to accumulation of 
ammonia or chloride ions on catalyst surfaces in the column system. Assuming pseudo 0th order 
reaction, catalyst activity is 5.4 ± 0.3 mgNO3- gPd-1 min-1, which is 23% of the catalyst activity in 
the batch reactor. The lower catalyst activity in the column system compared to the batch system 
may be due to hydrogen mass transfer limitations to reactive catalyst sites.  Hydrogen is 
introduced as a separate gas phase in the reactor, and it must dissolve into and transport through 
the brine to reach active metals. Further optimization of reactor engineering will be needed to 
develop the most efficient system. Nevertheless, the result here shows the system can be 
operated stably over time.  
 
4.4.4 Environmental benefits of brine regeneration and reuse. 
Based on catalyst activity obtained from nitrate reduction experiments in brine conditions 
using a packed-bed column reactor discussed in previous sections, the environmental benefits of 
the hybrid IX/catalyst system over conventional IX system were evaluated using LCA. The 
comparison of environmental impacts of the conventional IX system and the hybrid IX/catalyst 
system are presented in Figure 4.6. Results are scaled to 100% for each category because each 
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category uses different units and their absolute scales should not be used for comparison among 
different categories.  
For the conventional IX system, salt (NaCl) used for the brine solution contributed over 
83% for all impact categories. While the relative environmental impacts of salt are not 
significant compared to those of other materials (e.g., polymers used for resins) on a mass-
normalized basis, very large amounts of salt are used (8.2 metric tons per day to treat 5.8 
millions gallons per day) for regeneration of the IX resins. Stationary units such as vessels, 
pipelines, and mechanical components in the conventional IX treatment system showed much 
smaller environmental impacts compared to consumables used during the operational phase. This 
observation is consistent with results reported in our previous study and by others studying 
environmental impacts of water and wastewater treatment technologies.24,32,33 Environmental 
impacts of the conventional IX system including stationary units and consumable inputs are 
shown in the Appendix C (Figure C.1).   
For a hybrid IX/catalyst system, the environmental impacts are lower in some categories 
(e.g., global warming, ozone depletionsome) and higher in the other categories (e.g., 
noncarcinogenicity and respiratory effects in human health, eutrophication, and ecotoxicity) as 
much as 2.3 times compared to those of the conventional IX system. Aside from salt, palladium 
used as a metal catalyst was a dominant contributor for acidification, human health, ecotoxicity, 
and smog; carbon dioxide used as a pH-buffering agent during catalytic brine treatment is a 
dominant contributor for global warming and eutrophication. Hydrogen used as an electron 
donor was a dominant contributor for fossil fuel depletion. The further optimization of reactor 
engineering (e.g., scaling up reactors) can improve the environmental sustainability of the hybrid 
system by increasing catalyst efficiency.  
 94
Use of a sequencing batch reactor is an alternative way to improve the environmental 
sustainability of the hybrid IX/catalyst system. If catalyst activity observed in the batch study 
with 0.5 wt%Pd-0.05 wt%In/C catalyst was used instead as shown in Figure 4.7, the 
environmental impacts of the hybrid IX/catalyst system are lower (i.e., 38%-81%) in all 
categories compared to those of a conventional IX system. If the sequencing batch reactor is used, 
catalyst efficiency may be further improved by using powder catalysts instead of pelletized 
catalysts since no need of consideration for head pressure. The powder catalysts showed higher 
activity (i.e., 190 mgNO3- gPd-1 min-1) compared to the pelletized catalyst and Pd used as a metal 
catalyst in the system no longer becomes a dominant contributor of the environmental impacts of 
the hybrid IX/catalyst system. Results suggest the importance of catalyst reactor design in its 
catalyst efficiency and its impact on the environmental sustainability of the hybrid IX/catalyst 
system.  
An alternative way (i.e., use of hydrochloric acid instead of CO2) to adjust pH was also 
evaluated (Figure C.2), and the impacts of hydrochloric acid in all categories were roughly 3 to 7 
times higher than those of CO2.  Hence, CO2 is the preferred option for pH control in the hybrid 
IX/catalyst system. Alternatively, the hybrid IX-catalyst system could be operated without pH 
control. The waste brine has bicarbonate in it, which would provide buffering capacity. We 
showed that catalyst activity for nitrate reduction decreased by 21% when the pH was allowed to 
increase from 3.4 to 11.5.  Also, pH has been shown to only marginally affect resin performance. 
However, further study is needed to ensure that removal of pH control during the catalytic 
treatment does not negatively affect system performance.  
 
4.4.5 Impact of Constituents in Brines on Environmental Impact 
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 The sensitivity of environmental impacts of the hybrid IX/catalyst system (with the 
sequencing batch catalyst reactor) to brine constituents was evaluated. Sulfate and bicarbonate 
are key constituents because they have high affinity to IX resins and are found in brines at g/L 
concentrations. Our study showed that these anions inhibit catalytic activity of nitrate reduction 
in brines. Therefore, treating brines to the same effluent nitrate concentration requires higher 
catalyst loadings, which results in the increase in environmental impacts. Also stripping of these 
sulfates and bicarbonates from resins results in more chloride consumption during resin 
regeneration. This leads to higher salt addition per each cycle of brine regeneration to keep the 
salt level in brines consistent, which will also increase the environmental impacts of the system. 
Figure 4.8 shows environmental impacts of a hybrid IX/catalyst system relative to conventional 
IX system when brines contain average sulfate and bicarbonate concentrations in the range of 0–
10 g/L (10,000 mg/L) over 15 cycles of regeneration and reuse. The impacts of a hybrid 
IX/catalyst system on global warming were lower than those of conventional IX system for the 
sulfate and carbonate concentrations up to ca. 9 g/L. For the category of noncarcinogenicity in 
human health, the hybrid IX/catalyst system is environmentally favorable if brines have < 4.5 
g/L bicarbonate concentrations (and no sulfate) or < 9.7 g/L sulfate concentrations (and 0 g/L 
bicarbonate). The environmental impacts are more sensitive to bicarbonate than sulfate because 
bicarbonate has higher inhibition in catalyst activity. Among different environmental impact 
categories, impacts on global warming were least sensitive to concentrations of these anions 
while those in noncarcinogenicity were most sensitive. This suggests that our hybrid IX/catalyst 
system is more environmentally sustainable than the conventional IX system if sulfate and 
bicarbonate concentrations in brines are lower than those that lie on the contour line of 100% 
(shown in Figure 4.8B) for the environmental impact category of noncarcinogenicity. If brines at 
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a specific treatment plant contain higher carbonate and sulfate concentrations, our hybrid 
IX/catalyst system may not be a sustainable option from environmental perspective for that plant 
at our present catalyst activity. However, if the activity can be enhanced or number of brine reuse 
can be increased in future research, the hybrid IX/catalyst system can be a better option 
regardless of any sulfate and bicarbonate concentrations in brines.  
   
4.5 Conclusion 
 The applicability of catalytic treatment of IX brine regeneration for nitrate removal in 
drinking water is evaluated on a bench scale. Series of batch experiments showed that our Pd-
In/C catalysts (granular particles) were capable of reducing nitrate in typical brine conditions 
(i.e., high salt level). Continuous treatment using the catalyst packed column system showed 
stable nitrate reduction in brine conditions with no observable activity loss over 60 d of operation.   
 Using catalyst activity observed from experiments, environmental benefits of the hybrid 
IX/catalyst system over conventional IX system was evaluated using life cycle assessment. The 
result showed that the hybrid system is more environmentally sustainable because of less salt 
consumption. Major environmental impact contributors other than salts are Pd metals, hydrogen 
(electron donor), and carbon dioxide (pH adjuster). The choice of catalyst reactor system was 
important for improving the environmental sustainability of the hybrid IX/catalyst system; 
sequencing batch reactor system showed much lower environmental impact than a packed-bed 
column reactor due to its higher catalyst efficiency. Environmental sustainability of the hybrid 
IX/catalyst system compared to conventional IX system were sensitive to sulfate and bicarbonate 
concentrations in brines, suggesting the importance of site-specific brine water characteristics in 
selecting the more sustainable treatment option. Further studies are needed to evaluate catalyst 
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activity and longevity of treating brines from different sources, which may contain additional 
non-target constituents, and to test the regeneration of IX resins using nitrate treated brines over 
multiple cycles of reuse.  
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Figure 4.3. Nitrate reduction of synthetic brine (7 wt% NaCl) and freshwater in a batch system. 
Conditions: 20 g/L 2.5 wt%Pd-0.25%In/C, [NO3-]init (Co) = 5000 mg/L NO3-, pH = 5.0, 21 °C, 
PH2 sparging = 1 atm during reaction and 20 min prior to adding NO3-. The fit was made using 
0th order raw law for initial 90% of the nitrate reduction. Error bars indicate duplicate-averaged 
95% confidence levels.  
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Figure 4.4. Identification of optimum Pd-In metal loading and ratio 
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Figure 4.5.  Nitrate reduction of synthetic brine (70 g/L NaCl) in a packed column system. 
Conditions: 2.5 wt%Pd-0.25%In/C, [NO3-]init (Co) = 5000 mg/L NO3- (81 mM), solution flow 
rate = 0.1–0.2 mL/min, H2 flow rate = 1.4–7  mL/min, CO2 flow rate = 0.7 mL/min, pH = 7.0 ± 
0.2, 21 °C.   
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Figure 4.8. Sensitivity of environmental impacts of a hybrid IX system to carbonate and sulfate 
concentrations in brines for environmental impact categories of global warming (A) and 
noncarcinogenicity in human health (B).  
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Chapter 5 
 
Summary and Conclusions 
 
5.1 Summary and Conclusions 
 
 Research presented in this thesis focused on the development of novel catalytic 
treatment processes for removing oxyanion contaminants from drinking water, either as a stand-
alone system or in combination with ion exchange, and to compare the overall costs and 
environmental impacts of catalytic treatment systems with a conventional ion exchange process 
and other treatment processes. Summarized findings from my studies are listed below. 
 
5.1.1 X-ray Spectroscopic Characterization of Immobilized Rhenium Species in Rhenium-
Palladium Bimetallic Catalysts Used for Perchlorate Treatment in Drinking Water 
• Carbon-supported rhenium-palladium catalysts (Re-Pd/C) remove perchlorate via 
chemical reduction using hydrogen as the electron donor.  
• Re in the Re-Pd/C catalyst exists as ReVII species under oxic solution conditions and 
transforms to a mixture of reduced, O-coordinated Re species (i.e., ReI and ReV species) 
under reducing solution conditions induced by H2 sparging.  
• Extended x-ray absorption fine structure (EXAFS) analysis showed that the catalyst-
associated ReVII species are likely to adsorb to the catalytic surface as the dissolved 
tetrahedral perrhenate (ReO4-). 
• Under reducing solution conditions, monomeric ReI initially form in direct contact with 
Pd nanoclusters at low Re loading (e.g., ≤ 1 wt%). With increased Re loading (e.g., 5-12 
wt%), speciation shifts predominantly to oxidic ReV clusters (e.g., Re2O5).  
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• The identified Re structures support a revised mechanism for catalytic reduction of ClO4- 
(and other oxyanion pollutants) involving a series of oxygen atom transfer reactions 
between odd-valence oxorhenium species and the oxyanions (Re oxidation steps) and 
atomic hydrogen species (Re reduction steps) formed Pd-catalyzed dissociation of H2. 
 
5.1.2 Comparative Assessment of the Environmental Sustainability of Existing and 
Emerging Perchlorate Treatment Technologies for Drinking Water 
• Environmental impacts from consumables used in the operational phase of IX are much 
higher than those from other phases, and LCA results based on consumable inputs can be 
used to characterize the relative environmental sustainability of water treatment 
technologies.  
• Single pass IX systems show a much lower environmental impact than non-selective IX 
systems, primarily because of salt used for regeneration of the latter. 
• Environmental impacts of heterotrophic biological treatment are 2-5 times more sensitive 
to influent conditions (i.e., nitrate/oxygen concentration) than IX, with impacts 3-14 
times higher than IX for a typical influent. However, autotrophic biological treatment is 
the most environmentally beneficial among all technologies currently in existence or on 
the horizon, providing great promise for its continued development and application.  
• Catalytic treatment using carbon-supported Re-Pd has a higher (ca. 4,600 times) impact 
than others, but is within 0.9-30 times the impact of IX with a newly developed ligand-
complexed Re-Pd, suggesting catalytic reduction can be competitive with increased 
activity.  
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5.1.3 Performance and Environmental Benefits of Recycling of Spent Ion Exchange Brines 
via Catalytic Reduction 
• Nitrate reduction via hydrogenation with 2.5 wt%Pd-0.25 wt%In/C catalyst in a batch 
reactor containing a typical spent brine (i.e., 7 wt% NaCl, 5000 mg/L NO3-) showed 
catalyst activity of 24 mgNO3-gPd-1min-1, which is within 60% of that obtained in 
freshwater.  
• Using the same catalyst in a packed-bed reactor, 87-95% nitrate reduction was observed 
with no decrease in activity over 60 continuous days of operation.  
• Environmental impacts of the hybrid IX/catalyst were 38–81% of those of conventional 
IX in environmental categories such as global warming potential, ecotoxicity, and fossil 
fuel depletion.   
• Sensitivity analysis of environmental impacts of the hybrid system to sulfate and 
biocarbonate anions in waste brines showed that the system is more environmentally 
sustainable than a conventional IX system if brines have < 4.5 g/L of bicarbonate (and no 
sulfate) or <9.7 g/L of sulfate (and no bicarbonate).  
 
5.2 Engineering Significance 
 
 Results presented in this thesis were beneficial in 1) deepening the fundamental 
understanding of catalytic reduction mechanism of oxyanions, specifically for perchlorate 
reduction using Re-Pd/C catalyst, in 2) assessing the current sustainability of catalytic treatment 
technologies for oxyanion removal in drinking water from an environmental perspective, and in 
3) proposing a way to lower the environmental footprint of the existing nitrate treatment 
technologies in drinking water plants.  
 One of the key findings from this dissertation was that chemical states and molecular 
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structure of catalyst metal species are dependent on solution conditions and other parameters 
such as metal content. This finding is important because the different species may show different 
activities for oxyanion reduction and different stability to support materials.  
 Another key finding was that consumables associated with new unit processes for 
perchlorate treatment technologies will increase the overall environmental impacts of a treatment 
facility when new perchlorate regulation is imposed. Therefore, reducing consumable inputs (e.g., 
perchlorate-selective IX resins that are regenerable, use of lower-impact electron donors) can 
improve the overall sustainability of drinking water treatment operation. This finding is useful 
for researchers setting priorities for future technology development goals. For example, in order 
for catalytic reduction to be a viable treatment option, the catalyst activity needs to be enhanced 
to 50-500 Lh-1g-1Pd with equivalent wt% Re). 
 The last key finding was that the environmental sustainability of nitrate treatment in 
drinking water can be improved without completely replacing the existing system with 
alternative treatment technology. Because IX is the most commonly used nitrate treatment, 
recycling of spent brines via catalytic treatment is expected to have substantial impacts in 
lowering the environmental impacts of drinking water nitrate treatment in the U.S., especially for 
many inland water systems.   
   
5.3 Future Directions  
Based on the results presented in previous chapters, there are several areas in which future 
research can be directed as follows:  
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5.3.1 Catalyst stability  
Rhenium is easily oxidized to perrhenate ion in oxic condition and leach out to solution from 
catalyst support, leading to significant burdens on cost and difficulty on long-term operation. To 
overcome the challenge, alternative supports should be explored to increase stability of 
perrhenate ions without sacrificing catalyst activity. A polymer with quaternary amine functional 
group, typically used as strong base anion-exchange resin, may be a suitable candidate since it 
generally has a high affinity for oxyanions. Functional groups can be tailored to have high 
selectivity for the perrhenate ion over other anions. Another approach is to modify the carbon 
support surface by depositing an extractant (that extract and prevent perrhenate ion from 
leaching out to solution) such as 1,1’,3,3’-tetrakis(2-methyl-2-hyxyl)ferrocene.1  
 
5.3.2 Less Costly and More Environmentally Friendly Alternatives to Pd  
LCA Results of catalytic treatment technology showed that Pd metal is one of largest contributor 
of environmental impacts. The use of alternative material such as Ni may significantly improve 
the overall environmental sustainability of the technology. While Ni should not be used for direct 
drinking water treatment process due to its toxicity, it may be a suitable option for the treatment 
of spent IX brines as a part of the hybrid IX/catalyst system explored in part of this thesis.  
 
5.3.3 Catalytic treatment of spent IX brines 
While results in Chapter 4 in this thesis showed that Pd-In/C catalyst can efficiently reduce 
nitrate in spent IX brines, further studies are needed to ensure treated IX brines can be repeatedly 
reused to regenerate IX resins. To identify any constituents other than sulfate and bicarbonate 
that can significantly influence performance and environmental benefits of catalytic treatment of 
spent IX brines, brines from different sources of existing drinking water treatment plants may 
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need to be collected, tested, and characterized. Also, efficient recovery of ammonia produced 
during the brine treatment may improve the overall environmental sustainability of the system; 
and therefore, it may be a promising area where future research can be directed.  
 
5.4 References  
(1) Chambliss, C. K. Odom, M. A. Morales, C. m. L. Martin, C. R. Strauss, S. H. A strategy for 
separating and recovering aqueous ions: redox-recyclable ion-exchange materials containing a 
physisorbed, redox-active, organometallic complex. Anal. Chem. 1998, 70, 757-765.  
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Appendix A. Supporting Information for Chapter 2 
 
A.1 Overlays of XANES Spectra of Re-Pd/C Catalysts Collected from Water Under Reducing 
and Oxic Conditions and Rhenium Reference Compounds 
     
 
Figure A.1. Overlays of XANES spectra of Re-Pd/C catalysts with different Re loading 
collected from water under reducing conditions and of Re reference standards. (A) normalized 
µ(E) plots and (B) first derivative of plots. 
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Figure A.2. Overlays of XANES spectra of 5% Re-Pd/C catalysts collected from water under 
oxic conditions and Re reference standards. Arrow indicates post-edge features of the catalyst 
sample and NH4ReO4 reference standards.  
 
 
Figure A.3. Overlays of XANES spectra of 5% Re-Pd/C catalysts collected from water under 
oxic and reducing conditions and Re reference standards. 
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A.2 EXAFS Analysis of ReO2 and NH4ReO4 Reference Compounds 
 The magnitude of the FT[k3χ(k)] of the EXAFS spectra for the ReO2 reference 
compound (k-range of 3.2–14.3 Å-1) was fit using paths generated from the known crystal 
structure of ReO2.1 The paths used for the fit and their parameters are listed in Table A.1. One 
energy shift, ∆E0, and one passive electron amplitude reduction factor, S02, were used for the fit. 
The magnitude and real part of the measured FT[k3χ(k)] of ReO2 and the fit are shown in Figure 
A.4. The So2 value was determined to be 0.86 ± 0.10 and ∆E0 was 8.2 ± 1.5 eV.  
Table A.1. Paths generated from the known crystal structure of ReO2 used to predict 
EXAFS spectrum of the reference compound 
Path Description Ndegen Reff (Å) 
Re1-O1 6 1.874 
Re1-Re2 2 2.622 
Re1-Re3 8 3.609 
 
 
Figure A.4. The magnitude and real part of measured FT[k3χ(k)] for ReO2 reference standard 
and its FEFF fit using paths generated from the known crystal structure of ReO2. Solid lines 
indicate measured data and dotted lines indicate fits.  
 
Similarly, the magnitude of the FT[k3χ(k)] of the EXAFS spectra for the NH4ReO4 
reference compound (k-range of 2.0–14.0 Å-1) was fit using the Re-O path generated from the 
known crystal structure of NH4ReO4.2 The path used for the fit and its parameters are listed in 
Table A.2. One energy shift, ∆E0, and one passive electron amplitude reduction factor, S02, were 
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used for the fit. The magnitude and real part of the FT[k3χ(k)] of the data for NH4ReO4 and the 
fit are shown in Figure A.5. The So2 value was determined to be 0.88 ± 0.09 and ∆E0 was 1.6 ± 
1.8 eV.  
 
 
Table A.2. Paths generated from the known crystal structure of NH4ReO4 used to 
predict the EXAFS spectrum of the reference compound 
Path Description Ndegen Reff (Å) 
Re1-O1 4 1.72 
 
 
Figure A.5. The magnitude and real part of measured FT[k3χ(k)] for NH4ReO4 reference 
standard and its fit using the Re-O paths generated from the known crystal structure of NH4ReO4. 
Solid lines indicate measured data and dotted lines indicate fits. 
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Appendix B. Supporting Information for Chapter 3 
 
B.1 Life Cycle Assessment Assumptions 
 In this study, assumptions were made for the assessment of environmental sustainability 
of each treatment system where detailed information is not readily available and/or the impacts 
from those details do not change the resulting trend. The summary of key assumptions and their 
justifications are presented in Table B.1. 
Table B.1. Summary of life cycle assessment (LCA) assumptions 
Assumptions Description/Justification 
Part I: IX selectivity impact assessment 
The time frame was set for a total of 10 years. The implications of choosing a longer time scale 
was also addressed in this study and found to show 
similar resulting trends.   
The functional unit was set to treatment of 2500 gallons-per-
minute (gpm) influent with 50 parts per billion (ppb) of 
perchlorate to below 6 ppb.  
This unit was chosen based on the information 
from the treatment plant. 
Inventory list includes materials and energies of stationary units, 
mechanical and electrical components, and consumable inputs 
used in operational phase. 
This information was obtained from the existing 
plant, and the inventory list, and the level of details 
for these components are described in section B.3 
of this Appendix. 
Part II: Emerging technology assessment 
The functional unit was treatment of 1 kg of perchlorate from 
influent containing 50 ppb perchlorate concentration and effluent 
concentration <6 ppb. 
This unit was chosen so different perchlorate 
treatment technologies can be compared based on 
their treatment of the same mass of perchlorate. 
Only consumable inputs used during operational phase of each 
technology were included. 
The assumption was based on the finding from part 
I of this study. This assumption is used to compare 
environmental sustainability of existing and 
emerging perchlorate treatment technologies where 
knowledge of construction details varies. 
IX resin was modeled as polystyrene, and its ion exchange 
capacity was assumed to be 2.2 meq g-1 dry resin based on those 
of strong-base styrenic resins reported in the literature. 
Polystyrene constitutes the backbone of IX resins. 
Calculation of the amount of resin required for the 
chosen functional unit is shown in section B.5 of 
this Appendix. 
For biological reduction, electron donor usage was calculated from 
stoichiometric ratios between electron donors and perchlorate (and 
other competing water constituents) and 20% excess electron 
donor was assumed to be needed for biomass development based 
upon literature reports. 
Stoichiometric equation for each reaction and 
detailed calculations of electron donor and nutrients 
usage are shown in section B.5 of this Appendix. 
Aeration for biological reduction and catalytic reduction was 
assumed to be accomplished using a dispersed air aerator 
For catalytic reduction, a kinetic rate constant of 4.3x10-3 L(g cat)-
1min-1, 5 year catalysts lifetime and 1:4 stoichiometric molar ratio 
between perchlorate and hydrogen was used to calculate required 
masses of catalyst and hydrogen. 
These values are based on our previous study and 
other literature. 
Rhenium is extracted as a byproduct of molybdenum extraction; 
environmental impacts of rhenium were calculated based on 
equivalent amount of molybdenum extraction. 
Details for this assumption are shown in section 
B.5 of this Appendix. 
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B.2 Detailed Descriptions of Non-selective IX System and Perchlorate-selective 
IX System. 
The non-selective IX system includes 30 resin vessels that sit on a rotating turntable. At 
all times, 19 of the vessels are used for treating drinking water (3.6 MGD), 4 are being 
regenerated by flushing with brine (0.048 MGD of 7 wt% NaCl), and 7 are being pre-washed 
with soft water before switching between the previous two phases. As the turntable rotates, the 
vessels automatically switch through the described phases. Multiple pipelines and hoses with a 
computer-operated control system are built to enable this operation. Several pumps are required 
for the brine addition. While not all non-selective IX systems have this exact configuration, at 
least two other plants in California use the same system, and two other plants use a similar 
system where part of the IX system treats drinking water while the other is regenerated 
(California Department of Public Health, 2005 and subsequent personal communication with 
treatment plants).  
The perchlorate-selective IX system consists of 2 resin vessels in series (i.e., lead and lag 
resin vessels). When resin in the lead vessel reaches its limit, the existing lag vessel is moved 
into the lead position and the existing lead vessel is filled with new resin and placed in the lag 
position. Booster pumps need less power and the pipelines and control system are simpler than 
the non-selective IX system. About 20 plants in California and 1 plant in Massachusetts have a 
similar setup for perchlorate-selective IX systems. 
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B.3 Input Materials for IX Systems 
B.3.1 Non-selective IX system 
Table B.2. Summary of input materials for non-selective IX system 
    
Control 
Panel 
Brine 
System 
Salt in 
Brine 
Piping 
Assembly 
Resin 
System Resin Pumps 
Other 
Structure σ
2 
Materials Processes                  
Low-alloyed Steel   54 lb     0.22 lb       2827 lb 1.1 
Reinforcing steel                 41011 lb 1.1 
Polyvinylchloride   7.6 lb       175 lb        1.1 
Aluminum   9.5 lb               1.1 
Semi-permanent mold 
aluminum                 2.5 lb 1.1 
Lead   0.37 lb       2.8 lb       1.1 
Silica Sand   0.9 lb               1.1 
Brass   0.67 lb     130 lb         1.1 
Glass fiber   0.68 lb               1.1 
Zinc   3 lb     467 lb 73 lb     0.6 lb 1.1 
Silver   8.8 lb               1.1 
Bronze           28 lb       1.1 
Cast iron           11 lb     616 lb 1.1 
Semiconductor-grade 
cadmium   8.8 lb               1.1 
Nylon   5.7 lb             0.012 lb 1.1 
Copper   5.1 lb       5.6 lb       1.1 
Polycarbonate   1.29 lb               1.1 
18/8 chromium steel   1.17 lb     28 lb 5.6 lb   279 lb   1.1 
Iron-nickel-chromium 
alloy           0.56 lb       1.1 
Glass fiber reinforced 
plastic     13385 lb     14020 lb       1.1 
Normal concrete     81 ft3             1.1 
Poor concrete     358 ft3             1.1 
Sodium, chloride, brine 
solution       
32850 
ton           1.05 
Tetrafluoroethylene         1642 lb     14.8 lb   1.1 
Bulk polymerized 
polyvinylchloride         2098 lb         1.1 
Granulate polypropylene         82 lb 868 lb       1.1 
Granulate amorphouse 
polyethylene terephthalate                 0.075 lb 1.1 
Acrylonitrile-butadiene-
styrene copolymer           8 lb       1.1 
General purpose 
polystyrene             160000 lb     1.05 
Polyphenylene sulfide               1.5 lb   1.1 
Nylon 66               0.15 lb   1.1 
Black carbon               46.8 lb   1.1 
Unalloyed steel converter               1.2 lb   1.1 
Electricity from natural 
gas, burned in power plant               
2250000 
MJ 19868 MJ 1.1 
  
Average metal working 
Steel product 
manufacturing 
21.33 lb             18527.7 lb 1.1 
  
Average metal working 
chromium steel 
product manufacturing 
      27.88 lb 5.6 lb     7273 lb 1.1 
  Sheet rolling 4.59 lb               1.1 
  Blow molding   13385 lb   307.1 lb 14021 lb       1.1 
  Injection molding       207.7 lb 1042 lb       1.1 
  Plastic pipe extrusion       3276 lb         1.1 
  2 strokes steel cold impact extrusion       394.8 lb 73 lb       1.1 
  1 stroke steel cold impact extrusion       72.5 lb         1.1 
  Bronze casting         28 lb       1.1 
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B.3.1.1 Brine system assembly: 
Level of detail: Tank, concrete pad, and NaCl (salt) are included in the materials Table S2. 
Dimensions of the tank and pad are from plant schematics.   
 
B.3.1.2 Salt in brine water: 
Level of detail: Salt usage was obtained from plant operational reports. 
 
B.3.1.3 Piping assembly: 
Level of detail: Stationary piping, rotating piping, hoses, and valve (connecting stationary and 
rotating piping) are included in the materials table provided above. Pipe, hose lengths, and valve 
details are obtained from plant schematics. Specialty piping elements (e.g. Tees, elbows) are also 
included.  Differences in material processing for each raw material are also accounted for. 
 
B.3.1.4 Resin assembly: 
Level of detail: Tanks, valves, seals, and other small components (e.g. nuts and bolts) are 
included in the materials table above. Parts and materials are based on manufacturer information; 
masses of materials are estimated based on this information. Differences in material processing 
for each raw material are also accounted for. 
 
B.3.1.5 Resin: 
Level of detail: Resin usage was obtained from plant operational reports and personal 
communication. 
 
B.3.1.6 Pumps: 
Level of detail: Brine dilution, rinse water, desorb water, desorb brine water, displacement water, 
and backup pumps are included in the materials table above. Parts and materials of displacement 
water pump are based on manufacturer information; masses of materials are estimated based on 
this information. From the desorb water pump information, all other pumps are scaled using each 
pump’s respective horsepower. Material processing is not included due to lack of information. 
 
B.3.1.7 Other structure: 
Level of detail: Operator interface terminal, switches and buttons (emergency stop and reset) are 
included in the materials table above.  Parts and materials are based on manufacturer 
information; masses of materials are estimated based on this information. Servo motor, gear 
reduction drive, pressure transmitter, stationary head, rotating head, valve encoder, misalignment 
switch, cables and brackets are included in the materials table above.  Parts and materials are 
based on manufacturer information; masses of materials are estimated based on this information. 
Differences in material processing for each raw material are also accounted for. 
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B.3.2 Perchlorate-selective IX 
Table B.3. Summary of input materials for perchlorate-selective IX system  
    
Piping 
Assembly 
Resin 
Assembly Resin Pumps 
Other 
Structure σ
2 
Materials Processes            
Low-alloyed Steel   0.3 lb       54 lb 1.2 
Polyvinylchloride   712 lb 23.3 lb     7.6 lb 1.2 
Aluminum           9.5 lb 1.2 
Lead     2.8lb     0.37 lb 1.2 
Nickel           0.33 lb 1.2 
Silica Sand           0.9 lb 1.2 
Brass   130 lb       0.33 lb 1.2 
Glass fiber           0.68 lb 1.2 
Zinc   62 lb 9.7 lb     3 lb 1.2 
Silver           8.8 lb 1.2 
Bronze     28 lb       1.2 
Cast iron     11.2 lb       1.2 
Semiconductor-grade 
cadmium           8.8 lb 1.2 
Nylon           5.6 lb 1.2 
Copper     5.6 lb     5 lb 1.2 
Cast alloy aluminum           2 lb 1.2 
Polycarbonate           1.3 lb 1.2 
18/8 chromium steel   3.7 lb 5.6 lb   108 lb  1.2 
Iron-nickel-chromium alloy     0.56 lb      1.2 
Glass fiber reinforced plastic     33700 lb      1.2 
Tetrafluoroethylene   0.01 lb     0.8 lb  1.2 
Granulate polypropylene   11.5 lb 1850 lb      1.2 
Acrylonitrile-butadiene-
styrene copolymer     3.0 lb      1.2 
General purpose polystyrene       1008000 lb    1.05 
Black carbon         8 lb  1.2 
Unalloyed steel converter         2.4 lb  1.2 
Electricity from natural gas, 
burned in power plant         
941000 
MJ  1.2 
  
Average metal 
working chromium 
steel product 
manufacturing 
3.7 lb 5.6 lb      1.2 
  Sheet rolling          1.2 
  Blow molding 177 lb 33700 lb      1.2 
  Injection molding 27.7 lb 1874 lb      1.2 
  Plastic pipe extrusion 489 lb        1.2 
  2 strokes steel cold impact extrusion 52.6 lb 9.7 lb      1.2 
  1 stroke steel cold impact extrusion 9.7 lb        1.2 
  Bronze casting   28 lb      1.2 
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B.3.2.1 Pumps: 
Level of detail: Main pump is included in the materials Table S3. This pump is scaled from the 
desorb water pump information of the non-selective IX system. 
 
B.3.2.2 Resin assembly: 
Level of detail: Tanks, valves, seals, and other small components (e.g. nuts and bolts) are 
included in the materials table above.  Tank dimensions were obtained from plant reports.  Based 
on tank size, all other components were scaled down from the non-selective IX schematics.  
Material processing is also scaled down. 
 
B.3.2.3 Resin: 
Level of detail: Resin usage was obtained from plant operational reports and personal 
communication. 
 
B.3.2.4 Piping assembly: 
Level of detail: Based on tank size, all piping components were scaled down from the non-
selective IX schematics. Stationary piping is included in the materials table above. Specialty 
piping elements (e.g. tees, elbows) are also included. Material processing is also scaled down. 
 
B.3.2.5 Other structure 
Level of detail: Operator interface terminal, switches and buttons (emergency stop and reset) are 
included in the materials table below. Main control components are assumed to be the same as 
non-selective IX system. 
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B.4 Environmental Impact of Two IX Treatment Systems 
Table B.4. Environmental impact of non-selective IX treatment system 
Categories Unit Resin Resin 
vessel 
assembly 
Salt Brine 
assembly 
Piping 
assembly 
Control 
panel 
Pumps Other 
structure 
Total 
Global 
warming 
kg CO2 eq 2.5×105 4.0×104 3.7×106 3.8×104 2.4×105 8.9×102 1.5×105 4.9×105 4.9×
106 
Acidification H+ moles eq 4.3×104 8.2×103 1.0×106 7.6×103 6.4×103 3.3×102 6.7×104 4.9×104 1.2×
106 
Carcinogenicity kg benzene 
eq 
2.3×102 8.5×102 6.8×104 7.8×102 2.2×102 4.4×101 1.8×102 4.4×102 7.0×
104 
Non- 
carcinogenicity 
kg toluene eq 6.4×106 1.6×106 3.8×108 1.3×106 1.3×106 3.0×105 9.8×105 7.7×106 4.0×
108 
Respiratory 
effects 
kg PM2.5 eq 1.7×102 4.2×101 6.6×103 3.9×101 2.9×101 1.9×100 3.1×102 2.0×102 7.4×
103 
Eutrophication kg N eq 5.4×101 1.4×102 2.9×104 1.3×102 7.1×101 1.5×101 2.3×101 1.2×102 2.9×
104 
Ozone 
depletion 
kg CFC-11 
eq 
1.3×10-4 3.7×10-3 2.9×10-1 3.3×10-3 7.0×100 9.2×10-4 6.3×10-2 7.0×100 1.4×
101 
Ecotoxicity kg 2,4,-D eq 1.3×105 8.1×104 2.4×107 6.8×104 6.3×104 1.4×104 2.2×104 1.9×105 2.4×
107 
Smog g NOx eq 4.1×102 7.7×101 7.2×103 7.4×101 2.7×101 2.2×100 9.5×101 4.3×102 8.4×
103 
Fossil fuels MJ surplus 5.7×106 5.4×105 4.5×107 4.8×105 1.8×105 9.2×103 2.3×106 5.9×106 6.0×
107 
 
Table B.5. Environmental impact of perchlorate-selective IX treatment system 
Categories Unit Resin Resin 
vessel 
assembly 
Piping 
assembly 
Control 
panel 
Pumps Operation, 
lorry 
Incineration of 
resin 
Total 
Global 
warming 
kg CO2 eq 1.6×106 9.4×104 1.1×103 5.6×102 6.1×104 1.2×104 1.4×106 3.2×
106 
Acidification H+ moles eq 2.7×105 1.9×104 5.3×102 5.5×102 2.8×104 4.8×103 8.8×103 3.3×
105 
Carcinogenicity kg benzene 
eq 
1.4×103 2.0×103 9.7×101 9.9×101 7.6×101 2.9×100 2.9×103 6.6×
103 
Non- 
carcinogenicity 
kg toluene eq 4.1×107 3.5E×106 5.1×105 6.6×105 4.1×105 3.8×104 5.0×107 9.6×
107 
Respiratory 
effects 
kg PM2.5 eq 1.1×103 9.9×101 2.8×100 2.6×100 1.3×102 1.1×101 1.7×101 1.4×
103 
Eutrophication kg N eq 3.4×102 3.3×102 2.0×101 2.8×101 9.3×100 1.0×101 7.1×102 1.5×
103 
Ozone 
depletion 
kg CFC-11 
eq 
8.1×10-4 8.7×10-3 8.0×10-5 3.8×10-5 8.0×10-3 1.8×10-3 8.0×10-4 2.0×
10-2 
Ecotoxicity kg 2,4,-D eq 8.0×105 1.8×105 2.2×104 3.1×104 9.0×103 2.0×103 1.2×106 2.3×
106 
Smog g NOx eq 2.6×103 1.8×102 3.5×100 3.9×100 4.0×101 1.1×102 2.0×102 3.1×
103 
Fossil fuels MJ surplus 3.6×107 1.3×106 2.0×104 6.5×103 9.5×105 1.6×105 8.9×104 3.8×
107 
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B.5 Cost Analysis of Two IX Systems 
Table B.6. Comparison of capital and operational costs of two IX systemsa 
 Non-selective IX System Perchlorate-selective IX 
System 
Capital cost: $2,000,000 $   750,000 
Operational 
cost: 
$4,030,000 ($100 per acre-ft of treated 
water) 
$2,420,000 ($60 per acre-ft of 
treated water) 
Total cost: $6,030,000 (0.0459 cent per gallon) $3,170,000 (0.0241 cent per 
gallon) 
aThe currency is all in 2010 dollars.  
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B.6 Consumables for Perchlorate Treatment Processes 
Perchlorate-selective IX 
a) Calculation of ion exchange resin usage 
Perchlorate-selective IX resins discussed in this paper are a strong-base styrenic resin, 
crosslinked with divinylbenzene and have bifunctional groups of trialkylamines. Total anion-
exchange capacity (TAEC) for bifunctional anion-exchange resins range from 2.1 – 2.5 meq g-1 
dry resin.1 Using 2.2 meq g-1 dry resin as TAEC value, and assuming the operating anion-
exchange capacity is 50% of TAEC with resin moisture content of 50% by weight, the 
theoretical weight of perchlorate sorbed in IX resin at saturation is calculated as follows: 
 1.1 #$%&'()&*+,&+$-./ ∗ 1&#$%&'(1231&#$%&'( ∗ 99&#)&'(1231&#$%&'(123 ∗ 1)&'(1231000&#)&'(123 ∗ 1&)&*+,&+$-./2&)&7$8&+$-./ = 0.055 )&'(123)&7$8&+$-./ 
 
Therefore, the theoretical amount of resin required to remove 1 kg of ClO4- will be 18.2 kg wet 
resin if perchlorate is a sole anion present in water.  
 
Biological reduction 
a) Calculation of electron donor usage 
Electron donor is used for two reactions: 1) energy reaction, in which target contaminant 
and other competing electron acceptors are reduced, and 2) synthesis reaction, in which 
microbial growth occurs. Energy reaction of perchlorate, nitrate, and oxygen with different 
electron donors are shown below: 
 
Acetate as electron donor: 
Perchlorate:  CH3COO- + ClO4- + H+ ! 2CO2 + 2H2O + Cl-  
Nitrate: 5CH3COO- + 8NO3- + 3H+ ! 10HCO3- + 4H2O + 4N2 
Oxygen:  CH3COO- + 2O2 ! 2HCO3- + H+ 
 
Ethanol as electron donor:  
Perchlorate:  2CH3CH2OH + 3ClO4- ! 4CO2 + 3Cl- + 6H2O 
Nitrate:  5CH3CH2OH + 12NO3- + 12H+ ! 10 CO2 + 6N2 + 21H2O 
Oxygen:  CH3CH2OH + 3O2 ! 2CO2 + 3H2O 
 
Hydrogen as electron donor: 
Perchlorate:  4H2 + ClO4- ! Cl- + 4H2O 
Nitrate: 5H2 + 2NO3- + 2H+ ! N2 + 6H2O 
Oxygen: 2H2 + O2 ! 2H2O 
 
Based on the stoichiometric ratios listed above, the mass of electron donors required can be 
expressed as following: 
 ;<=$8<8$>?@?ABC, <-#)E = 0.604 HI1J3, <-#)E K + 0.943 H1N, <-#)E K + 0.0006 H'(123, <- O)E K 
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;$8ℎ</Q(>?@?ABC, <-#)E = 0.309 HI1J3, <-#)E K + 0.480 H1N, <-#)E K + 0.0003;'(123, <- O)E > 
 ;SN>?@?ABC, <-#)E = 0.0806 HI1J3, <-#)E K + 0.125 H1N, <-#)E K + 0.00008;'(123, <- O)E > 
 
The fraction of electron donor used for biomass synthesis, fs,, is 0.138-0.342 based on Rittmann 
and McCarty.2 Here, we assumed an additional 20% of electron donor is added for biomass 
development in this study. Similar assumptions have been made by others3,4 for the estimation of 
electron donor inputs during bioreactor design.  
 ;$($=8+Q/&*Q/Q+, <-#)E >TUTVW = 1.2;$($=8+Q/&*Q/Q+, <-#)E >?@?ABC 
 
The quantity of phosphorus (as phosphoric acid) addition was calculated based on the 
assumption that C:N:P ratio for cell synthesis is 20:5:1 by mass basis.  
 HXℎQ-YℎQ+.=&<=.*, <-#)E KTUTVW = 0.0264 H$($=8+Q/&*Q/Q+, <-#)E KTUTVW 
 
For autotrophic biological reduction, it is assumed that inorganic carbon (e.g., HCO3-) in the 
source water is sufficient as a carbon source. For both heterotrophic and autotrophic biological 
reduction, trace amounts of micronutrients (e.g., Na, K, Zn, Mg, Ca, Fe, Mg, Mo) are also 
assumed to be available in the water source and do not need to be added externally.   
 
b) Calculation of energy required for aeration process 
Aeration was assumed to be accomplished using a dispersed air aerator.  The water 
stream is fed into an aeration tank, where compressed air is fed into the system via stationary 
submerged diffusers. A typical oxygen transfer rate for dispersed air aeration systems of 1.5 kg 
O2/kW-h was used for the energy calculations based on literature.5,6 The oxygen transfer rate was 
confirmed with other studies.  
 
Catalyst reduction 
a) Calculation of catalyst and hydrogen usage 
 The quantities of Re and Pd metals and carbon support were calculated based on a mass-
normalized rate constant value of 4.3×10-3 L(g cat)-1min-1 for 5 wt% Pd and 6 wt% Re catalysts 
from previous study.7 Required contact time was calculated using this rate constant and assuming 
influent perchlorate concentration of 50 µg/L and target effluent concentration of 6 µg/L. Using 
this contact time, quantities of Pd, Re, and carbon normalized to per kg of perchlorate treated 
were calculated assuming catalyst lifetime of 5 years. The hydrogen usage was calculated 
assuming 1:4 stoichiometric molar ratios between perchlorate and hydrogen.  
 
b) Incorporation of rhenium for catalyst system 
EcoInvent database does not have the inventory list of input resources and output 
emissions for rhenium extraction. Therefore, the environmental impacts of rhenium were 
incorporated in this study under following assumption. The rhenium is extracted as a byproduct 
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of the molybdenum as molybdenite is roasted in air.8 The rhenium content in molybdenite is in 
the range of 0.001-0.2%. Molybdenite with high Re content (ca. 0.1%) is found in cupriferous 
areas. Assuming rhenium will be collected mostly using molybdenite with high Re content (ca. 
0.1%), the environmental impacts of 1 kg of rhenium were considered equal to those of 1000 kg 
of molybdenum. This neglects impacts from additional processes of anion exchange or solvent 
extraction to collect rhenium from molybdenum roaster-flu gas.  
 
B.7 Uncertainty Analysis of Treatment Technologies by Monte-Carlo Simulation 
 
Uncertainty analyses of environmental impacts of the existing IX treatment plant and the 
emerging perchlorate treatment technologies were performed using Monte-Carlo simulation with 
log-normal distributions for 1000 runs. Geometric standard deviations, σ2, for materials and 
processes in treatment technologies were chosen using Pedigree matrix.9 For materials and 
processes in the non-selective IX system, σ2 of 1.05 was used for verified consumable data from 
measurement at the plant (e.g., salt, resin), and σ2 of 1.1 for estimated quantities of materials 
from detailed schematics obtained. For perchlorate-selective IX system, σ2 of 1.2 was chosen for 
any estimated data from scaling of non-selective IX system. For emerging treatment technologies, 
σ2 of 1.2 was used for all consumables whose quantity was determined from theoretical 
information from the literature. The standard deviation value for each material/process is shown 
in Table B.2 and B.3.  
 
  
Figure B.1. Environmental impact comparison of non-selective IX (left bar in each category) vs. 
perchlorate-selective IX (right bar in each category) with uncertainty analysis. The error bars 
indicate 95% confidence intervals.  
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Figure B.2. Environmental impacts (with uncertainty analysis) of emerging treatment 
technologies treating influent water with 50 µg/L perchlorate, 20 mg/L nitrate, 30 mg/L sulfate, 
and 5 mg/L dissolved oxygen. The error bars indicate 95% confidence intervals. 
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Appendix C. Supporting Information for Chapter 4. 
 
C.1 Consumables Calculation 
Quantities of catalysts 
a) NO3- only 
Assume C0 = 5000 mg NO3-L-1, Ceff/C0 = 0.1 and catalyst activity (k) of 47 mgNO3-min-1gPd-1 
(0.5wt%Pd-0.025wt%In) with brine flow rate of 81.4 Lmin-1, 
 !1 − $%&&$' ( ∗ $'* ∗ + = -1 − 0.10 ∗ 500023456789472 3456783<= ∗ 4>? ∗ 81.42 93<= = 7.82*42AB 
Since Pd:In ratio is 10:1, the mass of required In is 0.78 kg In. 
 
b) In presence of SO42- and/or HCO3-, 
Figure C.4 shows extrapolation of activity dependence on sulfate and bicarbonate concentrations. 
Using the equation of fitted line, the catalyst activity in presence of these anions are calculated. 
For example, in presence of 2000 mg SO42- /L, -0.00248%*(2000)+100% = 95% of 47 mgNO3-
min-1gPd-1 = 44.7 mgNO3-min-1gPd-1. Then this rate constant value will be used to calculate 
required Pd and In amounts. 
 
Hydrogen (H2) consumption 
Based on the column results, assume nitrate will be reduced to 30% NH3 and 70% N2. From 
following equations: 
NO3- + 2.5H2 ! 0.5N2 + 2H2O + OH- 
NO3- + 4H2 ! NH3 + 2H2O + OH- 
, 1 mole of NO3- will consume 3 moles of H2 (30%*4+70%*2.5). 
Therefore,  500023456789 ∗ 14100034 ∗ 0.9 ∗ 81.4 93<= ∗ 14403<=1B ∗ 13DE56786245678 ∗ 33DEIJ13DE5678 ∗ 24IJ13DEIJ∗ 1*410004 = 51.0 *4IJB  
 
CO2 (pH adjuster) consumption 
Since reduction of 1 mole of NO3- will generate 1 mole of OH-, 500023456789 ∗ 14100034 ∗ 0.9 ∗ 81.4 93<= ∗ 14403<=B ∗ 13DE56786245678 ∗ 13DE6I813DE5678 ∗ 13DE$6J13DE6I8∗ 444$6J13DE$6J ∗ 1*410004 = 374.0 *4$6JB  
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Quantities of NaCl make up  
For ion exchange, 1 monovalent ion is exchanged with 1 monovalent ion and 1 divalent ion is 
exchanged with 2 monovalent ions. When fresh (or NO3- free) brine solution is flushed through 
saturated IX resins, sorbed oxyanions are replaced with Cl- anions in the brine. If 5000 mgNO3-
/L are present in spent brine, Cl- lost (and equivalent NaCl make up) during each cycle of the 
regeneration process is: 
 500023456789 ∗ 14100034 ∗ 81.4 93<= ∗ 14403<=B ∗ 13DE56786245678 ∗ 13DE$E813DE5678 ∗ 35.54$E813DE$E8∗ 1*410004 = 336*4$E8B = 553 *45K$EB  
 
Similarly, the amount of NaCl make up per mgHCO3-/L is, 
  134I$6789 ∗ 14100034 ∗ 81.4 93<= ∗ 14403<=B ∗ 13DEI$678614I$678 ∗ 13DE5K$E13DEI$678 ∗ 58.545K$E13DE5K$E∗ 1*410004 = 0.11 *45K$EB  
 
, and the amount of NaCl make up per mgSO42-/L is  134L6MJ89 ∗ 14100034 ∗ 81.4 93<= ∗ 14403<=B ∗ 13DEL6MJ896.14L6MJ8 ∗ 23DE5K$E13DEL6MJ8 ∗ 58.545K$E13DE5K$E∗ 1*410004 = 0.14 *45K$EB
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Figure C.3. Nitrate activity dependence on sulfate (top), bicarbonate (middle), and salt levels 
(bottom) in brines 
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